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SYNOPSIS 


The discovery of visible photolurainescence at room temperature ftom poroi 
silicon (PS) has generated enormous interest in low dimensional Si structures for possib 
applications in opto-electromc integration Further, the ease of formation < 
electro chemically anodized PS has proliferated the fundamental studies on quantum sn 
effects in nanocrystalline Si structures^ The luminescence properties of this new materi 
have been extensively studied over the last decade resulting in several proposals fc 
understanding the photoluminescence (PL) mechamsms Micro structure of porous silico 
laxers plays a crucial role in determining its opto-electronic properties and possib] 
applications Therefore, -we have focused our attention in probing the micro structure c 
porous silicon using nondestructive micro-Raman probe along with standard techmque 
such as scanning electron microscopy and x-ray diffraction. Moreover, the influence c 
crystallite size effects, surface effects and surrounding media on photolurainescence hn 
shape was investigated. 

In this work, we have carried out detailed investigations on the microstructure o 
porous silicon layers (PSL) imd its influence on the Raman and photo luminescence 
properties of the porous silicon. In particular, , we have fabricated PSL with a variety o 
microstnuctures having thicknesses ranging from about 1 to 200 pm This enabled us t( 
analyze and study the effect of crystallite size distribution (CSD) on Raman ani 
photoluminesccnce (PL) spectra of PSL Symmetry forbidden Raman modes in PSL wer( 
observ'ed at room temjx;ratui'c depending on the thickness and microstructure., In order tc 
understand the FL spectra from silicon nanostructures, a phenomenological model 
developed to include both size as well as surface effects., This model successfull: 
explained the PL spectra from hydrogen and oxygen tenninaled PL samples having tht 
some CSD. Further, oui- PL model along with CSD obtained from modified Ramai 
analysis on the same spots^ was able to explain the experimental PL data consistently. Ii 
addition, current transport mechanisms through thick PSL and across c-Si/PS 
hetcrojunction were studied over a wide temperature range from 15 to 450 K. The effect; 
of * inhotnogeneities on the electrical properties and light induced metastabilitie; 

were also studied 


densities and ambient light conditions In order to obtain variable microstructures aj 
layer thicknesses the anodization tune {to) was varied from a few minutes ( 3 miiL) 
several hours ( 10 hrs) The film porosity was determined usuig standard gravuneti 
technique and was found to be ~ 50 % to 85%. Scanning electron microscopy (SEM) ai 
x-ray diffraction (XRD) were used to obtain information on film thickness, morpholog 
film stresses, crystallite sizes and orientations. SEM pictures show crack imtiation 
PSLs for shorter anodization time and well developed cracks and fractured surfae 
leading to the island formation surrounded by channels for longer anodization times. F 
layer thickness (d) measured from cross sectional SEM was found to increase noi 
linearly with the anodization time Under no external illumination during growth, v 
found c/to be proportional to , with power exponent x -0.8. 

The powder XRD shows that remnant porous Si skeleton is single crystalline 
nature and has the same orientation as that of the substrate Si Small lattice misorientatic 
in the crystal plane is observed which increases with ta. This leads to observation of otht 
crystalline planes in XRD spectra on thick (> 50 pm) PS layers PS lattice is found to 1; 
slightly elongated leading to lattice mismatch induced strains at the PS/c-Si interface, i 
careful analysis of XRD data yields compressive strain of ~0.2-0 6% estimated fiom th 
shift of XRD peaks of (400) lines of PSL and substrate Si. The mean crystallite sizes (Ln 
were determined from XRD (CuK«) line broadening after corrections for broadening dui 
to instrumentation and strains Interestingly, the mean crystallite sizes were found to lx 
relatively independent of anodization times m a narrow range of 2,0 to 3.0nm. It clearh 
indicates that once the crystallites attained a certain cntical size, no further thinning take; 
place. However, lUumination durmg anodization is found to influence the mean crystalliti 
si/e 

We have measured and analyzed the Raman and Photo luminescence (PL) .spectra oi 
porous-silicon samples on the same spot usmg a micro-Raman probe (-3 pm diameter). 
Such measurements were carried out on a large number of samples at different locations 
on the each PSL yieldmg mformation on the spatial variations., Raman scattering (RS) 
data reveal spatial inhomogeneities over the anodized surface as well as along the 
thickness of the samples. However, these features could be explained by correlating the 
surface morphology from SEM and stress information using XRD. ‘RS spectra show clear 
evidence of nano crystalline Si but no distinctive features corresponding to amorphous 
silicon tissues for all the samples under study Crystallite sizes de using standard 


phonon-confinement model as proposed by Richter Wang and I^ey^ and improved 
Campbell and Fauchet^ do not correspond to the same obtained by XRD analysis Furtht 
it :&ds to describe the PL spectrum measured on the same spot using quantu 
confinement models. In order to resolve this problem, a Gaussian distribution 
crystallite sizes was explicitly included to calculate the Raman spectra of porous silicor 
The size distribution (mean size Lq and standard deviation o) obtained from fitting tl 
Raman data using our procedure was able to predict the PL accurately in the quanta 
confinement models Further, the modified Raman intensity analysis was extended l 
published reports on directly measured crystallite size distribution and RS data on 
variety of Si nanostructures (other than anodized PS also). Our Raman analysis is fcun 
to produce good agreement with the mean crystallite sizes obtained from x-ray and higl 
resolution transmission electron microscopy, especially in the size range of 2nm<Xo<5nm 

Enhanced microstructural features m thick PS layers led us to observe the symmetr 
forbidden Raman scattermg modes at room temperature. Information obtained by XRI 
and SBM on the structural orientation of the PS layers was used to understand th 
symmetry violations in Raman selection rules. A combination of various mechanism 
such as crystallite size effects, lattice mismatch induced rmcro-misonentations of crystj 
planes, and multiple reflections and refraction within the porous silicon nanostructure 
explains our results.^ 

The PL peak energy was found to vary about ± 0 05eV from the mean value wit] 
sampling locations on the same samples. However, if we consider the spatial variation o 
PL peak energy as an error bar, the PL peak energy averaged over the whole PSL surfac( 
remained almost constant for all samples produced over our entire range of anodizatioi 
times under same anodization conditior^.^ The behavior of PL with ta has been explainet 
using quantum confinement (QC) effects taking into account the microstructura 
information obtained from the XRD results., According to QC model of PL from PSL, th( 
PL line shape and peak energy are function of the mean crystallite size U as well as it! 
dispersion parameter a , However, a QC model alone could not describe our PL spectn 
using the and cr obtained from RS. A free fit to the experimental data using simple QC 
model yields the unreasonable size parameters. We developed a phenomenological mode 
to analyze the room temperature PL that includes the surfrice effects and exciton binding 
energies along with the crystallite size dependent quantum co t effects ® Tht 


energy photons photocamcrs are generated mside the crystallrtes and then some reL 
nonradialively to the sur&ce states Subsequently the relaxed carriers recombine to t 
ground stales radratively giving PL We obtained analytic expressions to model the f 
line shapes using normal as well as log-normal ciy stallite size distributions. 

This combined mechanism of PL explained most of the observed PL results fro 
PSLs Further, experimental data on a variety of nanocrystalline silicon (nc*Si) structuT' 
with directly measured crystallite size distribution were analyzed satisfactorily ^ Th 
showed the importance of localized surface states in predicting the PL data from nc-5 
The model is also found useful in understanding the role of surface passivation ar 
surrounding media on the photo luminescence m porous and nanocrystalhne Si. 

In addition, we studied the electron transport properties of porous silicon in plan; 
geometry as well as across the c-SFPS/metal junctions. Different current transpo 
mechanisms are predominant in different temperature zones The current transport aero- 
the c-Si/PS/Al structure was found to be limited by the c-SFPS heterojunclion. Fuithe 
on exposing the samples to infrared filtered white light, PSLs gave an enhanced dar 
conductivity, known as persistent photo current (PPC), which persisted over long time i 
300 K after hght illumination was stopped’. We studied PPC in details as a function c 
illumination tune ( 4 ), intensity (F), illumination temperature (Te) and temperature (T; 
We also discovered that PSLs exhibited a decrease in its dark conductivity, similar t< 
Stabler- Wronski effect in a-Si.H, after a prolong illumination We e.xpiained these effect 
m PSLs by considering inhomogeneities in porous silicon nanostructures 
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CHAPTER I 


Introduction 


Second hall' of the last century has been dominated by adva 
electronics technology. From a simple transistor to ultra-Iarge-scale-u 
in the era of information technology Silicon, the best-known semicond 
been at the heart of tins revolution Its dominance over other semiconc 
superior material and processing properties and to the massive technoh 
around it. Simultaneously, there have been tremendous developmer 
photomcs and optical communication, but it employed compoun( 
Crystalline silicon (c-Si), being an indirect band-gap semiconductor 
inefficient light emitting material at room temperature compared to 
emitting direct band-gap compound semiconductors. Therefore, c-Si is 
photonic devices, such as light-emitting diodes (LED). Integration of ( 
elements with silicon microelectronic circuitry has largely proceeded t 
compound semiconductors only. 
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Fig 1 1 Light ‘ ‘ n m direct (a) and indirect (b) band gap material (A 


A celebrated Applied Physics Letter (1990) bv L T Canham on etticient vtsib e 
light emission at room temperature from electrochemicaliv etched c Si give a p easant 
shock to the world of semiconductors" The paper was entitled Sihu n quantum um 
array fabrication by electrochemical and chemical dmolutnm of Set eral 

thousands of research papers have been published over the last decade m this area’"* 
There are genuine reasons for such an enormous interest First, Sj, in spite of its indirect 
band-gap, could emit efficient light at room temperature opening up the vast 
technological opportunities Secondly, the ease of fabrication of light emitting porous 
silicon (PS) offered the possibilities to study the basic physics of quantum wires and 
quantum dots to laboratories around the world, hitherto restricted to only few 
[ aboratones 

Canham^, as well as Lehmann and Goselc' proposed that PS could exhibit an 
enlargement of bandgap compared to the bulk c-Si, and its formation and piupeitics were 
due to the quantum size effects in PS nanostructures Since then ettensive studies on the 
mechanism of PL from PS were earned out as a function of preparation conditions as well 
as post-preparation treatments. Several mechanisms for the origin of visible Pi frtun PS 
layers were proposed based on specific experiments (to be discussed in Sec I 4t, and the 
origin of PL quickly became a controversial topic^ 

Retrospectively, the progress in the actual device application.^ has mu been that 
spectacular as was expected There has been a great deal of activities in making electro*- 
luminescent devices and possible integration into optoelectronic chips Moieovcr m 
a major advancement, a prototype of optoelectronic integration - a tftnsistof and 1 .F.D ot 
PS- has been realized on a single chip” However, there is stdl a long way to go before 
porous silicon can be used in optoelectronic industrial appimations Stahdny ol 
electroluminescence, in particular, continues to be a major concern. Further, elccirical 
transport withm PS layers and across the Ps/c-Si junctions is still not properly umiemood 
Microstructure of PS is fragile and the properties depend strongly on the PR envlronmem 
and post-fabrication treatments. The key to future device applications He. in proper 
characterization of the PS microstructure as well as understanding the role ol 
microstructure in influencing the electro-optical properties of PS lavers 

Ore more senous constraint on the widespread usage of porous silicon based 
optc« ectromc dewces .s the need for n, compatib. ay wrth the eatamg S, ng 



address this issue several techniques have been m\ 
Si {rtc Si) films showing quantum size effects Some c 
isted chemical vapor deposition ^ size selected c l 
ser ablation^^, and ion implantation into matrices^^ E 
d in tailoring the optical properties of porous Si fi 
/eral other approaches have also led to efficient siln 
lical gams (lasing) from silicon nanocrystals 


>SILCON: 

, silicon IS a network of nanometer sized Si particles sui 
1 2 shows a high resolution TEM image of a PS layer 
red by electrochemical anodization of c-Si wafer m HF b 



solution TEM image of PS layer obtained from (100) Si 




Although a high interest m PS was drawn after the report ol ns, be lig 
emission from rt PS is more than 40 years old In 1956 Uh ,r “ discovered PS as a mat 
b act. brown red deposit on the surface of S, dunng the studies ot c ectropo ishmg of < : 
wafers in HF based solutions An isolation technique by porous oxidized Si (HP('S) ai 
a number of approaches to realize Si-on-insulator (SOI) circuitry kept the interest tn il 

porous silicon alive in the 1980’s (Ref 3) 

1.2 POROUS SILICON FORMATION: 

Since its discovery^®, the mechanism for a complex network of puies tbnne 
during the electrochemical etching ol Si in HF solution ius been nwcsiigak 
extensively^* Effects of preparation conditions on the stniCtural and propertn 

of PS layers have been explored in detail"^'^^ The cunent density, concentration an 
nature (aqueous or alcoholic) of HF, presence or absence ot illumindtion dunn 
anodi/ation, doping type and resistivity of starting Si wafer inlliience the rnictostmctm 
ol (he PS layers The porosity of PS layers is found to vary from less than to mor 
than 90% depending on the anodic conditions. 

Several phenomenological models have been proposred to explain variou 
structures of PS layers formed electrochemically without giving due consideration to th 
electrochemistry of Si dissolution during anodization. The electrochemistiv of vSi'lf 
system is quite complex and has been reviewed excellently by Smith and Mo« 

of the models are based on the current-voltage (I-V) chanicten sties during anodi/ratio 
process PS is formed only when Si is positively biased (s.e , anodel with rcJ^peci to th 
HF electrolyte. The Si and HF solution form a rectifying junction at the SlTih interface 
similar to a Schottky diode^^’**^. The flow of current is necesMry for the PS fonmation 
Whenever there is irregularity in current distribution across &emicond«ctor^elet1fol>1< 
interface, the preferential etching of Si occurs at the {defects and surface 
inhomogeneities) of higher current density. This results in growth of selected pore 
forming porous structure Once pore form, the current density at the pore increase 
resulting in further dissolution of Si at the pore bottoms At the same time, cuo’ent wouh 
avoid the high resistive Si skeleton and follow the low resistive path of pores filled will 
electrolyte Since the current does not flow through the Si skeleton forming the pori 
walls, no more etching of pore walls occurs. The current flow during anodization may b* 



either by the charge transport across the mterfece bamei^^ or by the drift and diffusion 
charge earners from mtenor to the interface 

According to Beale et al^^ the current transport across the Si/HF interface Ci 
occur by thermionic emission of charge carriers over the Schottky barrier or bj- tunnclir 
of charge carriers through the junction For thermionic emission, the width of Si skeletc 
IS determined by the barrier height, whereas the depletion layer width limits tl 
dissolution of Si during anodization in case of earner tunneling Each current-transpo 
mechanism results in different PS structures In general, the thermionic emission < 
carriers is more likely in lightly doped Si and the tunneling of carriers becomi 
predominant for heavily doped Si On the other hand, Zhang et al^® claim that the charg 
transfer controls the pore formation across the Helmhotz double layer in electrolyte or th 
space charge region in the semiconductor The charge transfer at the interface barrier 
by tunneling. In both models of PS formation, depletion layers are considered as th 
controlling factor during pore growth Lehmann and Gosele^ have substantiated the ide 
of depletion layer, and added that a depletion layer may be formed due to the band ga 
widening in Si skeletons. At low current densities, the PS formation is controlled by th 
charge transfer in the semiconductor depletion layer^’ or in Helmhotz double layer O 
the other hand, at high current densities, the anodic reactions are limited by the ionic mas 
transfer in electrolytes, 

The Models discussed above can well explain the PS formation dunni 
anodization qualitatively However they cannot describe the observed PS microstructure 
quantitatively To understand the detail mechanism leading to various PS morphologie 
observed, one has to better understand the minute surface chemistry and atomn 
processing of Ss dissolution during anodization and its interaction with the vanou; 
physical anodic parameters The task is quite complex However, based on the statistica 
prediction of various processes, there are several attempts*^ to compute PS structures 
which resemble the actual PS morphologies. 

1.3 STRUCTURE OF POROUS SILICON LAYERS 

There aie a rich variety of pore morphologies m porous silicon. The overal 
stmeture of PS layers depends on the type and resistivity of Si wafer and the anodizatior 
conditions. The pore diameters and spacing can vary over a wide range from fev 
nanometers to several m crometers The x ray diffraction (XRD) and e ectron diffractior 


studies have demonstrated the nucro crystallinity of PS structures The XRD from F 
layers have exhibited that PS lattice is slightly larger than the substrate Si The I 
lattice dilation may be induced by hydrogen atoms bonded to exposed internal surfaces i 
pores^^ for fresh PS layers, while oxide layers form on aged PS layers The PS laye 
consist of nanosize crystallites and they are mainly oriented along the substrate directio 
The electncal and optical properties of PS layers strongly depend on its structures 

1.3.1 Raman Spectroscopy 

Raman scattering (RS) being very sensitive to local atomic arrangements ar 
also being nondestructive, is an excellent probe for structural characterization ( 
materials The characteristic Raman spectrum from a material depends on its phas 
composition and crystallite sizes Since PS layers are rich in composition and crystalln 
size variations, RS has been extensively used in determining the crystalhne/amorphoL 
phases, surface composition and crystallite sizes in PS layers. It has been establishe 
beyond doubt that PS layers consist of nanocrystallytes.^^’^'^’^^’^'^’^^'^®’^^ However, there ai 
reports of coexistence of amorphous or disorder phases along with the nanocrystalline S 
in PS layers.'*^'^^ The structures determined using RS from PS layers have been employe 
to prove and/or disprove some of the PL mechanisms in PS The crystallite sizes in P; 
layers have been determined from Raman spectra using phonon confinement model 
The crystallite sizes have two average values: the smaller one is below 5 nm and th' 
larger one is greater than 10 nm According to quantum confinement model of PL fron 
PS layers, the smaller crystallites (<5 nm) will contribute to the luminescence While th^ 
TEM studies of PS layers have exhibited a wide crystallite size distribution, Ramai 
scattering was used to obtain average crystallite sizes only 

Raman Profiles for Nanocrystallites 

In the bulk c-Si, one observes a main Raman peak at -520 cm'^, the optica 
phonon frequency in the Brilluom zone center, as a consequence of conservation o: 
phonon momentum. Phonons in small crystallites (<10 nm) are localized m space So tht 
phonon momentum is not well defined due to the uncertainty principle and hence is nc 
longer conserved in small nanocrystals. As a result, all the phonons of the dispersion 
relation contribute to the Raman signal from nanocrystais Since the phonon frequency at 
the Bnl uom zone center is the maximum, the participation of all other phonons wi push 


amount of redshift and Imewidth broadening of Raman me w 1 depend on the crysta ite 
shapes and sizes This phenomenological theory has been deve oped to expla n the 
expenmentdl Raman spectra from microcrystalline 81 “^ It agrees we with most o the 
experimental Raman spectra According to the above model, the localization of phonon is 
taken into account by a weighting function fV(r,L), where L is the phonon localization 
length and represents the dimension of a nanocry stallite, and / is the radial coordinate 
The Raman intensity I(o)X) given by the phonon confinement model for a spherical 
nanocrystal with diameter L is given by"*^ 

/(0,z,)cc| (j j) 


Where <v(q) is phonon dispersion relation with the phonon momentum q. To is 
the natural hnewidth of the bulk c-Si, and C{qJS) is the Fourier coefficient of the phonon 
weighting function W(rJL) There are different forms of and the most popular is 

the Gaussian form because it gives the best agreement with expenments and, of course, is 
simple 

w(r, l) = exp(^- a(^f j ( 12 ) 


where constant a is the measure of degree of phonon localization The corresponding 


Founer coefficient for spherical crystallites becomes' 
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(1.3) 


Equation (11) along with (1 3) is generally used to desenbe the experimental 
Raman spectra and from fitting the crystallite size L is determined as the mean crystallite 
size m an ensemble of crystallites 


1.4 PHOTOLUMINESCENCE FROM POROUS SILICON LAYERS 

Since the discovery of visible PL from porous silicon in 1990, the light emission 
from PS layers is the most extensively studied property of PS\ Canham^ as well as 
Lehmann and Gosele^ suggested that PS layers are made up of nanometer-sized 
crystalline regions, and the band gap of PS layers was increased compared to the bulk Si 
due to the quantum confinement effects m nanocrystallites Alternatively there are several 



other models'*^ for PL ffom PS layers proposed later on (Fig 1 3) Some of t] 
proposals are 

Amorphous Si {a Si) the observed PL ffom PS layers is onginated ffom the a 
produced dunng anodization^"^ This has been argued for known visible PL fro 
hydrogenated a-Si"^^ and its band gap tunability upon alloying of hydrogen and oxygen 
a-Si 

Hydride Species. Following the observation that PL intensity decreasi 
drastically if the hydrogen is removed from the freshly prepared PS surface and the fa 
that the PL intensity can almost be regained upon a brief dip in HF solution, sihcc 
hydride species were proposed as the luminescent agencies in PS Jhe proposa 
were based on the work of Wolford et al^^ who demonstrated the existence of visible P 
from hydride terminated Si as SiH^ groups 

Molecules: The PL from PS layers has been proposed to be originated from th 
molecules created dunng anodization In particular, siloxene has been a stron 
contender whose luminescence property resembles those of PS layers 

Defects: In this model, the PL from PS layers are emitted from some kinds c 
extrinsic defects either in the Si or m the surface oxide layer 

Surface states The observation of large Stoke’s shift between the excitation an- 
emission spectra coupled with the existence of vast surface area in PS layer has led t 
surface states involved in PL from PS layers^^’^* In this model, the excitation of carrier 
upon absorption of incident radiation is assumed to occur inside the crystallites, but th 
radiative recombination takes place in the states localized at surface of PS layers o 
interface between the PS and oxides. 

Some of the recent experiments^^ demonstrate the effects of surfaci 
passivation of PS layers by the ambient, hydrogen, deuterium or oxygen atoms on the PI 
and favor the surface mediated luminescence mechanism in electrochemically anodizec 
PS layers 



KEY 

O - ‘Silicon atoms 
0 - oxygen atoms 
« - ftydrogen atom 


arious PL mechanisms proposed light emission from porous si 
layers a) quantum confinement effects in crystallites, b) amorphc 
c) silicon hydrides at surfaces of PS layers, d) localized lun 
centers induced defects (intrinsic or extrinsic), e) chemical conf 
molecules formed during PS formation, and d) luminescence ^ 
states (After Ref 3). 





1 S srATEMElNTI OF PROBLEM 


la cvidrn from the hackRTOund presented above that the nucrostrutiurc of 
porous Silicon lajers plays a crucial role in determining its opto-electronic properties and 
applications Unfortunately, the richness and variety in microstructure, based on 
processing variables and post-fabncation history have also led to confusing models for 
PS fonnation and contradictory reports on opto-electromc properties The inferences 
drawn based on a particular set of expenments have often proved at odds with those 
based on another set of experiments For example, light illumination dunng anodization Is 
shown to enhance PS formation b\ some groups'^*®'', while other"'^ find the contrary 
Similaily, photo irradiation on PS layer m air degrades the PL intensity m some 
experiments^^ hut increase the PL intensity by as much as ten times m another set of 
e'penments'^ Unlike illummation effects, it is accepted that PS laver thickness (d) 
increases with anodization time (t„) under given anodization conditions However, there is 
still an ambiguity about how d vanes with 4 — linear*®^® or nonlinear^® Therefore it 
seems that even after studies for over more than four decades the PS formation processes 
are not yet clearly understood 

Photoluminesoence in c-Si being related to the quantum confinement (QC) 
effects has become a standaid tool to benchmark the nanocrystalline nature of not only 
porous silicon but also of all forms of rtc-Si structures It has been accepted that the 
bandgap of PS skeletons is widened due to the QC effect m nanocrystalUtes, and the QC 
effect is related to PL from PS layers As discussed earlier there are some experimental 
evidence^’’'’" for the involvement of PS surfaces, wnthout which the observed PL 
results could not be explained Further, it has been found necessary to invoke the <me 
distribution in the Si nanocrystallites to understand the PL Ime-shape^* However, a 
complete picture of PL from PS layer is still not clear^’ Moreover, various surface 
treatments and local environments are found to influence the measured PL profile 

Part of the problems also lies in the lack of proper structural characterization of 
porous silicon Quantitative information on crystallite sizes and their distribution is 
difficult to obtain X-ray dififtaction gives mean crystallite sizes High-resolution 
transmission electron microscopy^ is the only technique capable of providing crystallite 
size distribution On the other hand, Raman scattering being nondestructive and simple is 
routinely used for estimation of mean crystallite sizes in w-Si structures (Section 1 3) 
Hcpwevcr Raman scatrtafng s also influenced by the sir and size d 


K-*,- 



So t}x? ii3cfulnt^ss of R^injin scattcj uj^ lo size d tt wi tiopcnd on tho pr per 

“trov we as oyslalhlc skb disLtilxjljon anaJy'iea tn ^ layers, Atlhou^ the effect of 
stresses has been well understood, the size distiibution effects on Raman spectra are not 
analyzed properly 

Therefore, we ha\e focused out attenhoa tn probing the inicrostructure of porous 
silicon using nondestructive niicro-Raman probe along with standard techniques such as 
scanning electron microscopy and x-ray difitraction. Moreover the influence of crystallite 
size elfects, surface eftects and surrounding rnedin on photoluminescence line shape ivas 
investigated 

In this work, we have carried out detailed investigations on the microstincture of 
porous silicon layers (PSLf and its influence on the Faman and photolummescence 
properties of the porous siitcon Tn particular, we have fobneated PSL with a larietv of 
microstructures having thickness ranging fiom about i to 200 pm This enabled us to 
analyze and study the effect of crystallite size distribution (CSD) on Raman and 
photoluiTunescetice fPL) spectra of PSL Symmetrv forbidden Raman modes in PSL were 
observed at room tempeiature depending on the thickness and micro structure 

In Older to understand the PL spectra from silicon nanostructures a 
phenomenological model was developed to include boih size as well as surface eflects 
Our PL model along with CSD obtained fiom our mndijmd micro-Ramati analysis on the 
s«mij spot'i, was able to explain the experimental PL data consistently 

In addition, current transport metharasms through tluck PSL and across t-Si/PS 
hcterojunction were studied over a wide temperature range from 15 to 450 K The effects 
of structural inhoraogeneities on the electrical properties and light induced metastabihties 
were also studied 

1.6 THESIS PLAIN 

The thesis is organized as follows 

After a brief review on the importance and properties of porous SI ilic 
motivation and o bjective of thte work are given m Chapter- 1 . 

Chapter II describes the sample preparation methodology and process 
parameters The details of experimental techniques used in the present work arc destnbed 
in this Chapter Here we also derived an expression foi Poisson’s ratio (vl relating the 


lattice dDation of PS 



Tlx gmwth and icroslructurc of PSL art. cstab ishcd ra Chaptt. IIT TFx: 
ijncrostructura] properties arc analyzed by careful mea. its and thorough analyses 

of SEM, XRD and porosity measiirements The role of ambient light exposure on PS 
formation during anodization is discussed here 

The spatial variation of PSL imcrostructure and a strain relaxation fi-om e-Si/PS 
interface towards the free PS top surface are established in Chapter-IV using micrO' 
Raman measurements The ambigmties associated with the crystallite size determination 
using standard phonon confinement models are exposed 

The influence of crystallite size distribution on Raman intensity profile from an 
ensemble of nanocrystallites has been analyzed m details m Chapter-V An analytic 
Ls]irL'.sion for Raman line-shape is developed to exphcitly include the crystallite size 
distribution in the standard phonon confinement model Model is validated on published 
Raman data on ne-Si as well as our own porous sihcon samples 

In Chapter-VI, we have proposed a quantum confinement model including 
crystallite size distribution, surfece states and exciton binding energy to imdeistand the 
PL Ime-shape from Si nanostructures Model explams the effects of PS surface 
termination and describes our PL data accurately along with crystallite size distribution 
obtained from micro-Raman data on the same spots as PL data 

Chapter- VII gives the sumraaiy, conclusions and scope of future work 
The electrical transport properties of porous silicon layers and hetero structures 
are described m Appendices 
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CHAPTER n 


2 Sample Preparation and Characterization 

Techniques 


Porous silicon layeis were prepared using electrochemical anodization A proper 
understanding of the basic operation of various instruments used is the key for coirect 
analysis of experimental data In this chapter, we describe \arious experimental 
techniques used for characterization of porous silicon samples Jn particular, methodology 
for estimation of niicrostrains and Poisson’s ratio for c-Si/PS la\ers using x-ray 
diffraction is discussed 

2 1 SAMPLE PREPARATION: 

Substrate Silicon 

The substrate was p-type crystalline Si (e-Si) wafers oriented along <100> 
direction The Si wafers were boron doped having resistivity of 5-10 Qcm and thickness 
of about 500 jam The wafers were cut into square pieces of various sizes using a diamond 
cutter 

Substrate Cleaning’ 

The r-Si pieces wore thoroughly cleaned ultrasonically according to the standard 
RCA cleaning procedure, which removes both oiganic and inorganic contaminants from 
the surfaces of Si wafer ' Organic residues were removed by acetone followed by vapour 
degreasing in methanol or propanol 

Ohmic Back Contact Formation 

The cleaned Si pieces were dipped briefly in dilute buffered HF f~]0''o vvt) for 
removing native SiOj and then rinsed m deionized (DI) water After drying, Si pieces 
were loaded immediately in a vacuum chamber for aluminum coating for ohmic contacts 
at the backside During coating the base pressure inside the chamber was less than 1x10' 
Tort In order to make an m mate between the inetel fi’nt -ind the ' S- su-fice ‘he 

coated S p ecos were annealed at around 450"C fb h eitber n high vacu m x 0 



To ) o n n ogen gas env o men Samp es we e coo ed down slow ^ at app ox ma e v 
m n 

Anod zat on 

A vertical teflon cell was designed and fabricated for anodization as shown 
schematicallY in Ftg 2 1 The anodization area could be varied by using teflon annular 
discs of vanous apertures The vertical cell configuration has an advantage of easy 
removal of hydrogen bubbles from the Si electrode during anodization We used platinum 
wire (Cell-A) or disk (CelFB'i as cathode The anode voltage dunng anodization was 
measured using a multimctei (HP 34401A) All anodizations were performed in constant 
current mode ( 1 0 mA cm"’) using current source (Keithley 224) After anodization the PS 
1 ivcrs were rinsed with DI water flow for one minute and then immediately soaked m 
luopanol for a few minutes to dram out the residual HF from PS layer The propanol has 
nu ch less surface tension than water Therefore it helps to reduce cracking of PS surface 
due to surface tension We studied several PS layers prepared under a variety ot 
anodization conditions In order to studv PS layers having different microstructures, the 
PS layers were fabricated under ambient hght as well as external white light illumination 
from a 200 W/24U V Phillips lamp at distance of about 10 cn^ The PS samples of various 
thicknesses were obtained by varying anodization time from few minutes to several 
hours The thickness of PS layers obtained from cross-sectional scanning electron 
micrographs varied from as thin as a micron to hundreds of micron The PS samples 
whose results are given in this thesis are tabulated ui Table 2 1 along with their 
anodization conditions 

Top Electrical Contacts for Transport Measurements 

The PS layers, which are provided with metal contacts foi electrical 
measurements were dipped in dilute buffered HF solution (5 wt%) for 10-15 sec and then 
rinsed with Dl water followed by a brief soak at propanol before metal film deposition on 
PS top surface The metal film deposition technique was same as that of back contact In 
order to make an intimate contact between PS and metal film samples were annealed at 
200° C for 45 mm under high vacuum 




fig 2 I Schematic of Electro lytic Cell 
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SITY MEASUREMEINTS: GRAVIMETRIC POE 

e c-Si wafers with Ohrnic back contacts were weighed before 
was denoted as tni A sophisticated electronic weighing 
of 1 0 pg was used After anodization, the PS layers were first 
Tto \e the IDO shire and electrolyte rcsidueaj, PS layers 






si before sve gh np Hie nuss f the PS ayas with si isl ale allaiiied was ca tj m 
The PS a^rCTs wer omp ete y d hed ctj yd sso n m oncentnited aqueous KOH 
sohjlwn, which reacts with PS vwleih. y emating nxiisc hkc buhb e cv hit on Phe PS 
removed substrates were again tacuum dried and weighed mass was noted as Wj Then 
the porosity yi) ot a PS layer was estimated from relation 



m^~m^ 


(2 I) 


Assuming that the remnant Si skeleton m PS layer has the same \oluine density 
{p) as that of bulk Si, the apparent thickness (c/) of PS layer averaged ovci the entire 
anodized aiea (A) can be determined from relation 
, «i, -ni 


ir 


(2 2 ) 


In. vacuum drying the samples were heated at around 100 ®C fot 30 min m 
vacuum for lemovmg any moistuie and chemical lesidues Since the aluminum back 
contact was also dissolved completely in KOH solution, we deposited aluminum on a 
copper stnp and the thickness of deposited aluminum film was determined from 
gravimetric measurement The error due to the mass ot aluminum back contact was 
corrected in porosity and thickness estimation of PS layers 


2.3 STRUCTURAL CHARACTERIZATION 

2 3 1 Scanning Electron Microscopy (SEM) 

The observation of cracks, voids, clusters or islands etc was done using a high- 
resolution scanning electron microscope (JSM 8404, Japan) SEM mainly itnoKes 
imaging of secondary electrons emitted from the sample surface when an energciic beam 
of electrons inipmge.s on it ^ Since porous silicon is highly resistive, ns surface gotc 
charged by the incident election beam affecting the image quality (i e , charging effect) 
In Older to reduce the charging effect, PS surfaces were coated with thin silver films using 
thermal evaporation under high vacuum The SEM images were taken under different 
magnifications The typical operating parameters of SEM are given below in Table 2 2 



Tab e 2 2 De a s of SEM Pa am e 


Acce e a ed Vo age 

0 5KV 

Beam Curren 

03 nA 

Wo.k.ng D.s.ance 

1 7 .5 mm 

Mode of imaging 

: Secondary electrons 


2 3.3 X-Ray Biffraction (XRD): 

Eypcnment: 

The pnwder diffractton technique was used to determine the crystallographic 
phases and lattice parameters of PS layers The XIRD spectra were recorded m (0 - 26j 
scanning m which the sample rotates by angle 9 wfnle the detector rotates bv angle 20, 
using Rjch-Saifert’s powder diffiactometer (ISO Debyetlex 2002) The x-ray beams used 
were CuKu and CrRa lines having predoininantly Kai (*'70%) component The 
wa\elengtlis of x-ray beams are given below (Table 2 3) A typical set of parameters 
used during XRD spectra recording is given in Table 2 4 


Table 2 3 Wavelengths of x-rav lines 


Source 

XiA) 


K„ 

Kai 

Kcl2 

Cu 

1 5412 

t 5405 

1 5443 

Cr 

2 291 

2 290? 

y 293 S 


Table 2 4 Details of XRD scanning parameters 


Electron beam voltage and Current 

30 KV and 20 mA 

Detector scanning speed (SS) 

0 6°-12°'min 

Chart Speed (CS) 

12-24 cra/mm 

Count per minute 

2K-SM 


T me constant 0 sec 




Wh c he crysai nc S wa er^ and PSLer a tsiw.li tic iubs( 
placed as it was on the sainp e ho der the powde cd samp e wcr sp ead fo 
a glass subs ra e o make the powder compact atid a L o he glass substra a w, 
drops of alcohol (i e methanol) was put on the powder The XRD spectra weie iccorded 
in a 20 range of 10'’ to 85“ for c-Si wafers and PS layers, and 10° to 150° for powdered 
samples The 20 \alues corresponding to the XRD peak positions were noted and the 
lattice constants for reflecting lattice planes (hkl) weie determined using the Bragg s 
1 elation^ 




2smd 


f2 3) 


where X is the wavelength of x-ray beam and 0 is angle of diffraction (known as Bragg’s 
angle) In order to deterinine piecisely the lattice constant a we used extrapolation 
method ui which value of a for different lattice planes (hfcl) were plotted against 


C Qb~ 0 ^ C03^ 6 

sin 8 & 


and the intercept would give the precise value of u The diffractometer 


was calibrated using high purity Si powder and a single crystal SiflU) 


XRD peak broadening and Crystallite Size 

The XRD peaks from sufficieatlv large and strain free crystallites are sharp and 
have only mstiximental line broadening However, when the crystallites become small 
the peaks get broadened Thus the experimentally observed line broadening is the 
convolution of mstmmenta! and crystallite size broadenings The pure size induced 
broadening \JJ) can be obtained from the raeasuied line broadening {B) using the 
correction formula for Craussian prpfries 

+ (2 4) 

and for Cauchy profiles 

B = li+b (25) 

The crystallite size (D) is related to the line width by Debye-Scherrer’s relation ^ 


^ = . 


KX 


(2 6 ) 


DaosO' 

where X -s the shape facto" and fs value depends on the type of la**ico and '-eflecting 
plajOM When D the size of tsysial rte d cu ar to he cflecUng p sues K 



(j d when ep e en 
k A 0 95 


he a e age crys a e ze w h no ega d fo he eflec ng 


S ra n efTects on XRD 


Since the homogeneous stram elongates or shortens the mterplanai spacing by the 
same amount throughout the sample XRD peaks are only shifted in either sides of the 
normal unstrained peak position and are given by Eqn 2 3 By logarithmic differentiation 
of Eqn 2 3, one can get amount strain as 


M _ A(2i9) 
d 2tani9 


(2 7 ) 


where Mid) is the amount XRD peak shift between tbe strained and unstrained 
conditions However, if there is a vanation of strain within the sample under study (t e , 
inhomogeneous stram) the amount of peak shift [A(2(?>] will vary from one region to 
another and from one to another layers of ji-ray reflect on planes This vanation m A(20), 
as a whole, gives nse to an extra line broadening induced by inhomogeneous stram in tbe 
sample The strain-induced line broadening is related to strain by^ 

^y3=2^^jtanf) (2 8) 

Thus the total line broadening becomes equaJ to the summation of crystallite size and 
strain broadenmgs Since these effects may not be acting on the same crystallites, the 
summation of squares will be the better option Hence the total FWHM for x-ray peaks 
can be given as 




[— 1 
\ Daoid I 


( d 


J 


(2 9) 


Bv measuring the FWHM of a particular XRD peak as function of x-ray wavelength X. 
aiid'or the FWHM of different XRD peaks for the same X, one can separate the two 
b oadening 


1>E Iffert of HtcngrtniDtl- 





imjl a ned ahjcs lius ic measured s nfl n XRX> peak posrtioii. n jismoa have wn 
CO rponents one s pure y due rt the diffcreace n a cc spacing txlwecn the 
r-on'espoading sets ot lattice piaaes, and another iS due to drftcrcncc iH otientahon of the 
corresponding lattice planes If we assume that the thickness of the Si substrate is much 
higher than the PS layer, one may neglect the strains m the substrate Under this 
ciicunistance, the lattice planes of PS parallel to interface remain unchanged, however the 
all other lattice planes of PS will misonent by a small angle (Fig 2 2b) Then changes in 
lattice spacing and angle for a set of lattice planes making angle a to the substrate surface 
can respectively be written as^ 

(Aa/a)j =(An/a), cos’cc (2 10a) 

md da = (Aa/<:i)„ cos«sm « (2 lOfa) 

IV here (Aa/a)^ is the lattice strain perpendicular to the interface Therefore the measured 
shift in XRD peak position becomes the sum of above two contnbutions / 1 e , 
A(2&)=2(A6i^+Aa) 

= 2(Aa/a)^ tan 0 + 2Aa 

= 2{Aaj [tan 0 cos^ a + cosa sin a j (2 11) 

Similarly, inhomogeneous stram induced line broadening will also have two 
components One is due to the variation in difference between lattice spacing of different 
layers and another is due to the variation in mclraatjon of different planes Thus the 
strain- induced line broadening also becomes 

Pd +Pu 

si2(Aa'/a)Jtan^cos^a-i-cost!i^o'| (2 12) 

The difference between Eqns 2 11 and 2 12 is that m former, (Aii/a)^ is the 
average value of strain over the whole sample thickness and in latter, (Art/«J^ is the 
max mum of stram at ^'he ‘n*erfaca 


U^iUDEcnroiij S<im Mctfnreniait 



e ongation alonp both y od ixij Fo loi jotrop mat -na corre-iqMnding 'rtrains can 
be grvt-n b> Poisson i reJatwn as ^ r what v s P ssor s raUo 

We now consider he uibc sut^^cted bv ,n-ai,al cotapressive stiess along ihree 
principal a\cs discussed ?bove a contraction in any one direction is accompanied by 
the two simultaneous elongations in two mutually perpendicular directions due to 
Poison’s relation So the total strain along any one direction say z-direction will be equal 
to 

e.--s-v{s,+s,) (2 13a) 

Similarly the total strain along x- and y-directions di e respectirelj 

) l2 Bb) 

and 

The PS lattice is known to be slightly bigger than the crystalline Si When a PS 
layer is formed on o-Si substrate, there occurs a lattice mismatch at the e-SiT’S interface 
This lattice mismatch generates a planar stress parallel to c-S:/PS interface Since tiie c-S i 
lattice constant is smaller than PS lattice constant, the Si substrate gives a biaxial stress on 
PS layer parallel to the surface But there is no stress norma) the surface If x and \-a\ts 
he on the surface and z-axis is normal to the surface the total stiain along z-axis becomes 
{£'^ -i- 6^} The lattice constant along z-direction is then equal to 

[l + y{Syy + ^ 5 n)J is lattice constant of unstrained PS layer On the 

hand, the lattice constants of PS layer parallel to Si surface become equal to 
and ^ti amount of lattice 

dilation of unstrained PS comp^^ to the unstraned bulk Si lattice constant the' 
lattice constant of normal PS is given as + Aa The measured strain along' 

normal to surface will then be equal to 

''a *£j j‘ci Art “a 


E 


{2 4a 



a 




( 4c) 


6 




(So 'o ) 


For a isoiropic biaxiai siress, e^=Sy\ and hence 
s^ = s, = {Aa/^'a^)--{l-v)s^ 


(Z 15a) 


and 

£. =(Aa/’'aJ + 2v£^ ^2 15b) 

Now let us consider a special case, where the bending of substrate (thick and 
strong) is neglected Thus lattice constant of PS along parallel to Si surface at the 
interface becomes equal to that of Si substrate This means, there is no measured strain 
parallel to Si surface, i e , = 0 Fiom Eqn 2 15a, we may write 


= s. 


(Aa'^a,) 

1-v 


(2 Ida) 


By putting the value Sxi 2 15b readily reduces to 

C2l6b) 

The value of 8; can be obtained from PS layer attached to substrate Si while value of 
(Aal^'ao) can be determined from the XRD spectra of strain free PS and Si Once Sj, and 
(Anr/^'iTo) are known, the Poison's ratio may be estimated using Eq (2 1 6b) 


2.4 RAMAN AND PHOTO LUMINESCENCE MEASUREMENTS. 

The micro-Raman and PL measurements were earned out using the same 
excitation source ofAr’’ laser (Spectra Physics mode)-2030) Both the measurements were 
performed with unpolanzed light and m back scatteiing (180°) configuration, which is 
shown m Fig 2 3 The wavelength of laser line used 'was 514 5 nm The Raman scattered 
or the photoemitted light was dispersed witlina i-nple monochromator (Spex 1S77E 
Triplemate) The whole system was fully automated and controlled with a computer 
\ levung the sample and selecting the probing area were performed using a Spex 1482 
Microniaie fitted with a video camera and a 40x microscope objective The illuminating 
light after reflection from the sample surface goes to CCD camera creating an image of 
sample surface on the video screen In order to protect the CCD camera from high 
n cnsily ght. a neutral density fhor was used 



4 1 Raman IpteosTty Mejumrinfnt 

The scattered light was collected by a charge-coupled-detices (CCD) arrav 
detector which is veij sensitive to Raman intensity “ The peak efliciency of this CCD 
detector is centered in the red or near-rntra red spectral icgiom, making it an ideal 



Fig 2 3 Schematic of back scattering configuration for |i - Raman measurements 

■ 'JfiOi 

lohoiti 

detector for Raman spectroscopic applications To keep the thermal noise to very low 
levels, the CCD' detector was cooledf>With hquid nitrogen Since CCD detectors are very 
sensitive to high-energy particles and photons, it was being kept in metallic box to 
p ovBiit file c rays reaching o it htowever occasionaj shaip and nieiite spikes, 
CM y doTrt fiab e. 


observed. 



trc us fit, PetUei efTcd pnncip o fo the best cspofisc The pu sc a ns horn the 
PMT v\'ere passed through a prearap-dtscnminator which dibDrinunMes the real pulses 
from the spurious ones and amplify them 

2 5 ELECTRICAL MEASUREMENT; 

The electneal measurements of PS layers were perfoimed over a wide temperature 
range of 15 to 420 K The high and low temperature measwements were done \n two 
different set-ups The high temperdture (above 300 K) set-up is shown schematically tn 
Tig 2 4 The samples were fiKed with silver pastes on the copper Sdmple holder insulated 
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8- 2 d S of the liquid raffogai cryostat foi high t 
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tneasurcments (not 



ca s2ir«* rhe samp c boHer was cqurppod with bcaitnf am 
ms In irdw to mjrumizc he random no so anti stray f dd efTrtds i 
41-jar wttb qi-iarti windows through -which ihe samples weie uiurai 
[uctivitv measurement On the other hand a close cycled helium crya 
srlow temperature (below 300 K) conductivity measurement (fig 2 5 
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0“C US ng he PcJticr efTect pnncip e fo the best response The pu sc tra ns froni the 
PMT weiT passed throiigh a preamp-discntninato., wh.ch d.scnroxnstcs .he .caJ pu.sas 
from the spurious ones and amplify them 

2 5 ELECTRICAL MEASUREMENT: 

The electncal measurements of PS la>eis were perfoimed over a wide temperature 
range of 15 to 420 K The high and low temperature measurements were done m two 
different set-ups The high temperature (.above 300 K) set-up is shown schematically in 
Fig ? 4 The samples were tiscd with silver pastes on the copper sample holder insulated 
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a sheets The samp c hokicr wa. oju pped with healing ai* 
ts In order o mm rmze th indaro nor e aixJ stray feld efTects ’ 
1 a with quartz windows through rvhirh ihe samples were imitn 
activity measuiemetrt On the other hand a dose cycled heimm cryo 
1 low temperature (below 300 K) conduct!' !t> measurement {Fig 2 5 






go ig down o ow cmpcTHlurc be ctyostai was evacoa cd U- ng o -d 5lis on pump Itic 
la iTCtrts were using Keith cy b and 65 4 electro All Ucctnca 

m enta were carr cd out with automated Lomputers using GPIB ntoiau; 

For while light illumination tungsten halogen lamp of 50 W/12 V was used with 
water filter to avoid infra-red heating of the sample The intensity of illumination was 
varied using neutral density filters 


2 6 SUMMARY 

The basic working principles and techracal details of different characterisation 
looK and methods were briefly desenbed Inhomogeneous strain induced line broadening 
111 ' r,i\ diffraLtion may have two components One is due to the variation in difference 
1 Ltween lattice spacing of different layers and another is due to the variation in 
inclination of different planes A relationship between the measured lattice dilation and 
Poisson' s ratio has been established 
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CHAPTER ffl 

Morphology and Microstructure of Porous 

Silicon 


3.1 INTRODUCTION 

The optical and electrical properties of porous silicon (PS) strongly depend on if 
microstructure which is delennined by the anodization conditions, such as type anc 
resistivity of substrate Si, HF concentration and the composition of electrolyte solution 
the anodization current density, and bght illumination during anodization process 
Processing history of the PS samples would suggest the natural incorporation of disorder 
and mliomogeneities m the porous silicon network To understand the micro structure 
would require measurement of the porosity, thickness, crystaJhte orientations, sizes and 
their distribution m porous siheon layers at different length scales In addition, knowledge 
of strams in PS layer and PS/'c-Si interfaces helps to explain the observed opto-electrorac 
pioperties 

Several models have been proposed to understand the PS formation and resultant 
microstructures'’^ Most ot the physical models mvolve die emission of holes over the 
hairier at Si/electrolyte interface^ and a ditilision-hrmted hole transport m St'* in 
electrochemical models the characteristic size of PS is governed by the depletion width at 
the electrolyte/Si interfece Diffiision length and concentration of holes m Si also 
determine the PS structures Further,' the quantum confinement effect is proposed for the 
depletion of holes la nanociystaihtes^. These models do not deal with the si/nuilanumi 
presence of other effects like the chemical etching and illumination during PS formation 
Therefore, several issues such as the variation of porosity and microstructure with 
anodization time (4)*^, role of hght lUummation during anodization*^'^" and thickness 
variation with are ill understood 

In order to clarify some of these issues we have studied the structural properties 
of PS over a wide range of for samples prepared with and without external light 
n. The ' properties were anafyTcd by careful — “ — 'ment- gjid 

thorough analyses of SEM XRD and porosity 


ORPHOl OGY /USD MICRCJSTRUCTURF 


[1 cjccbun rmcro'KopY (SI'M) to Ehxly the rror] 

PS layers mctudcd m ttus study Post-anodczahon sainpli 
tn of charging were addressed as described sn Chapter ) 
iphs of two samples (NI082 and NI092, see Table 
atios 

reveals cracks and fractured surfaces resembling the 
rom raud drying'* Higher magnification SEM mtcrogrs 
3 l(d| reveal that PS layers, are curved away from the S 
on Si substrate The dark spots at the center and bnght it 



(d) 


(r) 


of the uncrackeS regions (islands) are due to under 
y These dark and bnght marks on uncracked portions o 
re bent up near the boundaries However, the overall surfac 
this scale except cracks and tractures 
loine cases where the effect of surface tension is strong ci 
‘d off leavuig their footprints on substrate Si (Fig 3 
1 , the footprints reveal that the cracks are extended deep n 
ind Fig 3 2c) The cracks are narrower near the center and v 



(b) (c) 



i boundanes rtiL crack* into the S substrate iwcy be the 


nan by CO e of pores assisted by drymg places 

ed by surfece tension TTate crack ftjrmanon on Si subsb 
3 be enhanced by fhe tensile strain developed at PS/c-Si 
1 of PS We shall address this issn 

1 p Rennan spectroscopy However, it may be pointed ou 
ed off the stibstrate, the remammg footprint area on. the 
ot photo luminescent 





evotu k n of ■swfBCO'inorpbo ogy f fw ous Ijiyrri ny 
Titrated m Fig y 3, vbere (he SEM mtcrogngjhs of tw- 
different values O mm and 2 h) are shown For th 
s no trench (or chatmef) Lsoktiag the PS columns evcc] 
; (Fig 3 3a and c) As 4 increases the surface inorphok 
in's changes and top surface becomes rough with deep c 
p view of PS layer anodized for around 2 h. The top v 
rising of completety isolated PS colurons The white spot 
columns lislandsl and the dark regions to the inter 
ig anodization by coalescence ol larger pores''’ The 
lese die interconnected and intertwined at larger depths 
3 3dl 1 herefore, as ta increases, more cJunnels are fotn 
Old decreaiicig the density of PS layers In anotner words 
I mcreabing f„ This indeed is observed as shown by 
1 discussed Jates at Section 3 4 
irradiation during PS ftirtnanon has profound effect on 
Fig 3 4 demonstrates the effect of white light irra 
he two PS layers shown m. this figure were fabric 
onditions except that one was piepaied under ambient 
undei white light lUuminatJon (Fig 3 4 b) isce Table 2 
was soft and spongv, whereas a dean hard surfaoe was 






b CT rhis observa wn suggests that gbt irnuiiation dunog fonnation help etch out 
he tOp npoiigy surface iaycr hurthcr, it is clcfi,ity seen that the PS layer fornKtl under 
light illumination comprises of conipletehi isolated PS pillars and much larger channels 
whereas an interconnected columnar structure is observed for no light irradiation case 
Moreover, the thickness of PS layer for light irradiation case is almost double to that of 
no light case, indicating higher anodization rate for the cose of light illumination These 
results also confirm that light illumination during anodization photoetciies the PS in 
parallel to its fomufion and removes the spongy surface of PS layer ^ 

In order to see the effect of current flow direction on the direction of poie 
formation we studied the porous siheon formation using a Pt wire as a cathode (Tig 2 1 
Cell A) Fig 3 5 shows the boundary regions between the anodized and unanodizcd Si 
near the meniscus, where the fiingmg of electric fields will cause a divergent current flow 
as depicted m Fig 3 6 It is clear that columnar growth of islands in PS lavers are similar 
to the electric filed lines, indicating that the PS growth follows mainly the current flow 
direction In other words, the direction of columnar growth is independent of 
crystallographic orientation and is controlled by the duection of anodizing current flow 
Fig 3 5 also shows that thickness of PS layer varies continuously from meniscus to 
central legion in such manner that a curvature of PS layer thickness is formed' thickness 
is large near the center and less near the meniscus If we look at the distribution of current 
density over the anodized area, we would find that the current density is higher near the 
center and gradually decreases towards the meniscus The observed sunilanty between 
the current density and PS layer thickness distributions confirms that the PS layer 
thickness increases with mcreasing current density’^ 

Fiirthennore, a careful observahtm of Fig 3 5 reveals that the PS top surface also 
has curvature starting from the unetched Si (the top most Si m Fig 3 5) substrate thereby 
giving rise to a lake-hke view PS surface is lower than unetched Si surface due to 
etching out of PS layer 

The large columnar 'structures are loosely attached to the substrate There are also 
smaller structures as the residual fragments surrounding PS columnar islands at their 
bases (Fig 3 7a) When the islands are peeled off from the substrate Si, the residudl Si 
fragments form, a beautifiil two-dimensional close wire-tnesh like structure having a wire 
ai the ciaiter bet he wo ncighbonng istanda, as shown in Fig, 3 7b 




3 5 Cross'sectjonal vie'w of oouridarv regjon bet^v'een t 
mstnodized St 



3 6 A scliensatjc of electric deltl lines, guiding the c 
electrolyte and substrate Si during anodization 



(a) (b) 

Fig 3 7 SEM iiucrograph of thick PS Jayer shows smaller structures, around 
the islands at its bottom (a), which appeal as a two dimensional 
wire like mess upon flakmg off the islands (b) 


3 3 CRYSTALLOGRAPHIC ANALYSIS 

3 31 Crystal Structure 

In order to obtain an insight into the crystal structure of PS layers, we conaparei 
the powder x-ray dtffiaction patterns obtained from PS layers with those Irom ihi 
amorphous and polycrystalline Si Ipoly-Si) XRD spectra were measured under identica 
instrumenta] conditions on plasma deposited a-SiH, poly-Si (obtained by grinding th< 
substrate Si), thick PS layer attached to its substrate (PS/c-Si), and PS powder obtained bj 
setappmg it off the substrate using a sharp blade The results aie exhibited m Fig 3 8 The 
XRD pattern from a-Si H shows a -very broad hump at round 20=28° This peak m XRE 
spectrum corresponds to the nearest neighbour planes, le, (111) planes for Si On the 
other hand, c-Si powder gives aU expected XRD peaks from randomly oriented Si 
crjstaUites As usual, the intensities of the higher order peaks arc less than those of the 
lower ones due to Debye the^m^reffects and angular dependence of atomic structure 
fector*® Further, the thick PS/ptSi saifgjle also shows weak and slightly broadened XRD 
peaks between 2O°<20<8O'‘ except the one corresponding to (331) planes However, 
unlike randomly oriented powdered Si, the mtensrty of the (400) peak at ts69° is the 
highest, suggesting a preferred orientation along [400] direction, i e along the substrate 
orientation However significantly there is a small fraction of crystallites corresponding 
o ns other than 400) planes- Wc shall come back to this pontf soon. 


(220 


11 



Fig 3 S Powder XRO patterns meast’re usmg CuKa radi. 
form of Si amorphous, polycrystallme (powder) ai 

j.ji 

Jntercstnigly, it can be seen from Fig 3 'SWat the XRD 
ily-Si are suuilar except that the vray peal(i‘'ftrr PS powder 
Fig 3 9 shows the x-ray powder difiractiou spectra takei 
Eerent thicknesses In powder dif&action mode, the single 
RD peak for a fixed onentation of the specimen XRD ] 
1 (c-Si) substrate wafer having {lOOJ orientation is sho 
ed. It has only one sharp peak at -6P 2 with fuH width at 


-0 T In eontiBst, XRD fiom PS feiycfs show tjroad and weak, peaks coi 
(400) planes The XRD spectrum from thm PS layer (Fjg 3 9 (b)) shows 
are monolithic and crystalline m nature having the same onentation as Ifai 
However, the XRD peak is very weak and broadened considerably at 
FWHM IS found to be r 4 5° As the thickness of PS layers increases, ti 
(400) peak increases and the line broadening at the base also becomes proi 
same time, one can ^notice that other XRD peaks at about 28 5°, 47° and 
appearing along with, the mam (400) peak Die intensity of such peak; 
ihickness of PS layer increases Thus the XRD spectra from very thick PS 
''inul'ir to that from a polycry stallme (or powder) Si The similarity ai x-ray 
j 8 and Fig 3 9) implies that as the thickness of PS layer increases, the degre 
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anxng tlx. crjTlaltao wjth respect to substrate S berth 

out that Done of our PS sHmplcs showed fcstures ossunated with 
broad (hfiiised scattering ai ~2S^ in tiie XRD patreriis 

Fig 3 10 shows a Uose-up of (400) x-ray peak fiom a thick 
XRD profile shows a sharp peak superimposed on a broad base We 
peak IS due to some large crystallites (>10 ran) present in PS layers 
substrate) and the broad base arises firom smaller crystallites Siirula 
for free standing PS layers"® Therefore, we fitted the XRD peak t 
one for smaller crystallites and another for larger ones The peak pe 
peak IS found to be slightly shifted to a lower 26 value 



26 (Degree) , 

Fig 3.10 The (400) x-ray peak from a thick' ^S/c-Si sam] 
deconvoluted into two Lorentzian components ont 
crystallites (sharp) and another for smaller crystalhi 
Peak positions araf FWHM (m teackets) are marked in t 



Hmp o cai,h XR '> p«ii m the spectra. The crystaHitt: sia: (Dml) 
I ane was determined using ibe rslatioti Dnt^Q 9AfRh^f:os&, wh 
f XRD peak corresponding to (,hU) plane and X is the x-ray wi 
FWHM were corrected for uistrumentfll broadening using Wane: 
ed m Chapter 11 The crystalhte sizes (Diki) thus obtained are tabi 
nystaUite sizes estimated tfora the narrow Loreiitzians are found i 
1 C other h^d, the smaller crystalhte sizes obtained from the brot 
I 0 to 4 0 nm The crystalhtes sizes estimated are the smallesi 
r B 400 The ratio between Dju and 0400 Tanes from 1 5 to 3 f 
^\s suggeHs that the. cry^allites m PS layers are not exactly spi 
elongated along one of the directions It is evident that the mu 
10 1 wire-hke 


e 3 1. Ciystalhtes sizes in different crystallographic oneni 
determmed from XRD line broadening for two thick samples 
and 1 nII 12) Big crystalhtes are given withm parentheses 



Djiid CA) for Sample 

(hkl) 

NU1 

1 Nil 2 

in 

35 8 (326 8) . 

34 3 

220 

15 2(176 9) 

19.9 (301 2) 

311 

(112 1) 

72 8 

400 

HIHHHI 

15 7(136 6) 


irder to obtain the accurate values 0 } lattice constants of stress-h 
aeasurement on powdered PS and c-Si were perfonned under ic 
conditions CFig. 3 8) The measured lattice constant a for differem 
as a function of cos^6(cosec0+l/e) in Fig 3 11 for both c-Si , 
d valura of 0 , fbr c-S" and PS are 3 4342A and 5 4492A, respcctiw 
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Fig 3 11, Precise determination of lattice constants using extrapolalLon 
method for CuKu x-ray lines The data is taken from Fig 3 8 for 
(a) powdered c-Si, and (b) PS powder 


Thereibre, the PS lattice constant is about 0 3% larger than that of c-Si Th 
le that the substrate Si lattice does not distort appreciablj, the maximum < 
S lattice psralieJ to substrate surfeoe that may exist at the PS''c-S! interface 
e-~35( 1 0'^ 
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Stmai and Stresiei m PS 


« Us nrtuni o Lbc o n (^tig 3 0) thal the XR > peak posi ton 

uorrcspontliDjj to (400 planes of Di PS lay ts occur at shghtly lower angles 

compared to the bulk Si case Further, the lattice constant of PS lajers estimated &om 
(400) XRD peaks were found to be larger than that of bulk Si by up to -0 5% The 
difference between lathee constants of the substrate Si and PS layers will generate a 
lattice strain at PS/c-Si interface m such a manner that the PS lattice will try to stretch out 
the bulk Si lattice On the other hand, bulk Si lattice wiU try to contract the PS lattice m 
order to make two lattices equal at the interface Thus the crystal lattices at ratertdce will 
be distorted from their perfect lattices such that at PS/c-Si interface the PS layer would 
be under a compressi-ve stress while the substrate Si would get under tensile stress 
However, fer away Ifom the interface, crystal lattices of both materials will retain perfect 
lattice structures This transition from distorted to normal lattice stnicture u. assumed to 
be gradual as shown in Chapter ![ (Fig 2 2a) When the built-up btass htcomes, 
sufBciently high and'or the substrate Si is Ihm, PS/c-Si system will be curved in such a 
wav that the one with smaller lattice constant (i e , substrate Si) will form a concave 
surface and other with larger lattice constant (i e , PS) will be a convex wface Ry 
measuring the curvature of the bending, one can estimate the stress existing ut the 
interface 

From a careful analysis of XRD data, lattice dilations along <lir, <220^ and 
<311> directions are found to be ncghgibly small (•rQ compared to that along 
<400> direction Thus the PS lattice parallel to PS/c-Si interface does not change 
considerably This behavior would be expected because of a hard and thick {-iihO pm) Si 
substrate compared to the less stiff and thin (—1 to 100 pm) PS layers On the other hand, 
there is no such restoring force perpendicular to the interface agamst PS lattice expansion 
along normal to interface Therefore,, the lattice of PS layers attached to the subttrate i\ 
under compressive stress on the planfc- parallel to the substrate and is under no stress along 
normal to the substrate plane 

A contraction, (elongation) on the xy-plane will generate an elongation 
(contraction) along 2-direction due to Poisson’s relatioa Stnee the PS lattice at Interface 
IS contracted in plane parallel to PS/c-Si interlace, there will be an elongation of PS lattice 
perpendicular the interface (Fig iji) So there mav be considerable diflerenoe between 
he h ICC o of PS and substrate m Uk 
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Fig 3 13 The effect of misonentation of reflecting lattice planes on XRD 
hue shape 

-r W 

In general, the overall strains (inaero-sttain) manifest themselves it) the XRD 
pattern as peak shift whereas rracro-strams manifest as Iine-broadening The component 
of strain normal to the substrate surftice is easier to measure as has bi^n shown shove In 
order to mnunuzs the contnbutoons of micro-misonentation of the x-ray reflecting planes, 
we performed measurement fwice for the same (400) peak but relating fhe katnple by 
bO about he surface Now the angle a the suhalrate gurfece rcflccDon 


planes chanpes o SlT-o. The peal shifb m wo cases an. gneo from bq (2 ) as 

A(29)j = 2(Ai2/(j)^|Iaji^cos"a + cos«sinaJ 

and A( 2 B )2 = 2{Saja\ [tanS'eos' a ^co5 a sui o:] 

The strain is then obtained as (Aa/aj„=0 25[A{2e'i,+Af2efeJcot(0)sec-ct For 
planes paxaJle] Lo the substrate surfece, oc is very s ma ll such that secctf^il The value of oi 
can also be estimated using the relation. a=0 5sm'‘[0 5{A(2e)i’A|2e)2}/(Aa/ato] As 
discussed above PS layer comprises of both small as well as large crvstalhtes plO nm) 
For large ciystalhtes, effects are negligible The XRD pattern of these large crystallites 
can be taken as that of bulk Si So the diSerence m the peak posihons of small and large 
crystallites is taken as the measure ot peak shift A(29) of the PS lajer relative to o-Si Fig 
3 13 demonstrates the effect of sample rotation about its surface normal on the XRD 
patlems corresponding to (.400) planes of a 170 pm thick PS layer (#NI12) The 
deconvolution o1 (400) peaks is also shown The values of peak shifts obtained in two 
cases are A(20)i=O 43° and A(20)2=O 19° The estimated strain (^ala) iiormai to the 
mterface is found to be -3 9x10 ^ 

The variation of normal strains with PS Javei tluckness is illustrated m Fig 3 14 
The figure shows that after an untial increase m stram with film thickness it decreases 
slowly towards a constant value. On the other hand, the rota! strum, defined as a product 
of strain and thickness of PS layer, mcreases monotonicaUy towards saturation (Fig 
3 15) The iratial increase of strain with thickness for thuinei PS layers may be due to the 
fragile nature of PS, which cannot withstand the stress build up at the c-Si/PS mterface 
The strain is released by crack formation However with mcreasmg thickness PS layer 
can have enough strength to support the strain resultmg m higher tnsasured stram values 
As described earher, another possibihty is that as the porosity of PS layer mcreases with 
Its thickness*, the strain due to lattice mismatch between substrate Si and PS lathees 
relaxes gradually away from the raterface^^ (Fig 2 2d m Chap II) resultmg m the highest 
stram at the interfece and the lowest strain near the PS surface Therefore, the measured 
strain in a PS layer, m general, represents a value averaged over the layer thickness 
Consequently, the thicker PS layers yield lesser strain, however the stram could be 
more For a very thick PS layer, which has sufficiently thick stram free layer near the 

the stram iDiqf be just equal to the Wbcc strauiUt?^ 7*^ 
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J 14 The variation of aveirage siraiji with thickness of PS layers 
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ifubsticitc S sixJ PS Bui UiL otaJ of such a hiok lavCT could be C 7 y -arising a 
large bending of a comparatively Ltim substrate aad/o he peoEng off of PS tayei as has 
betni txpenmeutaliy observed (Fig 3 2 and Fig 3 Tb) 

Poisson ’s Ratio: 

By measuring perpendicular component of strain in a PS layer attached with die 
substrate Si. one can estimate the lattice imsirutch between the relaxed PS layer and the 
substrate SI using Eq (2 16) provided the Poisson’s ratio v for ihe PS layer is known (see 
Chapter II) However as seen above, smee the measured strain of a PS layer is the average 
value, Eqii2 16 cannot be used directly, as it does not include the strata relaxation In 
order to include the stram relaxation effect, consider Eq (2 15b) for the perpendicular 
strain s —{S.ti/''‘a^'j + 2v(i^ The measured stiain now becomes its average value 
{s ), le, 


(ff,) = (A£!/^aJ+2v(e„) (3 1) 

where (i „ ) ts the average value of strain parallel to the interface Now tf we consider a 
linear variation oi strain from e-Si/PS mterface to PS surface then (s^)- S„l2, Sxx 
being the parallel stram at the interface So, Eq (3 1) becomes 

(3 2) 


From Eq (2 i6a) and (3 2), one gets 




(3 3a) 

or 

(Aa/'‘aJ=(l-pX^.) 

(3 3b) 


With measured value of {£" ) and known value of v of PS, the value of ( Ac/ ) 
can be estimated 


On the other hand, we determmed the value of v experimentally bv tneasurmg the 
perpendicular stram twice' once on a c-Si/ PS sample (with substrate attached) and then 
on free PS (withou* substrate) for the lame PS layer We nienboned earlier that XRD 
from PS powder can be used to d the su fiv-c btocc constant However the 



vbad. of tins procedure b the raj of lotj^ arnouwt of PS powder fb a good 

) pattcTTL We did take powda- XRl J fo wo >ciy thjck PS layers tuvnig ttnekness of 
It 170 and 200 pm. fhe result!, are given mthe Table 3 2 


1 able 3 2 Estimation of Poisson s ratio for thick PS layers 


Sample 

Thickness 

(£’,)with 




(pm) 

Substrate 





3 25vl0-^ 

3 0\10-’ 

0 08 

NIIl 

200 

2 94x10-’ 

2 9x10-’ 

001 


e values of v may be compared with v=0 1 obtained from relattvely tliin PS layer 
pm) uaing sophisticated rocking XRD However since elastic properties of PS 
, depend strongly on its microstructure, a direct comparison of elastic properttes of 
S la\er tu another is difficult 

Further, the inhomogeneity in microstrain gives rise to the !me broadening which 
VO components one due to the variation m interplanar spacing and the other due to 
ariations m misorientaion between corresponding lattice planes parallel to the 
ate surface The contribution of later is determined by measuring the s<une XRD 
twice with 18(1'’ rotation of samples about its surface normal os discussed before 
irmer can be estimated by measuring peipendicuiar strain of PS layer with substrate 
ed The line broadenmg due to crystallite size effect could be obtained foom the 
tred hne broadening The crystallites sizes calculated ftom the (400) pottks of same 
PS lajets using Eq (2,6) are given m Tabfe 3,3 The average crystallites obttuned 
tine broadening vary from about 1 5 nm to 3 nm for different PS Myers anodized 
wide range of ta The mean particle size obtained from XRD is nearly independent 
However, the mean particle size does depend on whether the anodization is 
med with or without dlnmlnatina The average crystallite *«*• of PSLs is found to 
^A&riio nttnd21±5 Amdcr n. 









ible 3 Ciystalhle hzl (D) estimated frirm hne troadt-rraij; 
stiaEi cofSribuiion. The sbbs of suiaEer and btg ci 
denoted as Di and D; respectively p: p; and p^ are i 
text 


Sample 


ta (mm) 


N1092 


NI082 

NIO^ 

NI05 


NI02 


NI14 


Nils 


Nil 2 
NIll 


3 


5 


30 


60 


120 


135 


240 


420 

600 


Piqein 

6 3 


5 134 


4161 
4 26 


5 982 


6 281 


4 85 
6 471 


8 132 


g2(2e)r) 

52 
6 475 


5 085 


5 331 
5 015 
5 435 


6 012 


5 643 
7 94 


1 or 4 


0 993 


U 164 


1 131 


0 601 


0,874 


0.869 


1.027 


0 928 


Di (/ 
27, 


26 


271 
29 ( 


291 

241 


21 1 


25 H 
16; 


These results indicate that hght illumination duiing anodizat 
eleton further The PS layers contain wide crystalhte sme 
I m Chapter V\ which also affect the kue-faroadenmg Tht 
ve rise to a long tail at the base of XRD peak and hence i 
Very large f WHM for sample ^NIl 1 may contain significant 
size distribution The separation of size distribution indut 
a complex Founet analysis of mtensity profile and hence nc 
on could be carried out Therefore, mean crystallite sizt 
if XRD peaks may be smaller than actual mean crystallite size, 






















3 4 POROSITY AND THICKNESS 

r bn po O'irty was by ckrect grawnt-lnc method be m ChapUi 

II Measured film porosity as a function of anodization time (/u) is plotted in Fig 3 16 for 
samples prepared under a constant current density of -10 mA cm^ using 48wt % HF It 
shows that the porosity increases nonlmearly with increasing The fitting parameters are 
also shown in the figure 



(ram) 


Fig 3 16 Change of porosity with anodization time for porous silicon 
layers deposited under identical anodization condition under 
different lilurmnation conditions 


Herino et al^" have observed similar changes m porosity of PS layers gibncated 
ifoni U”t}pe Si They have attnbuted the thickness dependent porosity to the chentsca! 
dissolution of PS during anodization On the other hand, Seo et a!’’ reported porosity to be 
independent of ta for p-type Si. The apparent contradiction might lead us to beheve that n- 
aod p-type St behave differently But porostty mdependent of U may well be due to the 
limited rai^e of r^ used by Seo et al^ We also found the change in porosity to be less than 
2* m tljinuCT sainjles. Tbn small change could be ignored sa an 1 error 




lowcvra" change m poroiaty B nx rt! (/Hin JC’^o jve u period of 10 h ITna dcpcalcac 
ftuthcT o '^40° • upon whMe hgll n durmg PS fo mate Sue 

targe change m porosAj would cndkcale alnxvst a doubling of hv Tagc pore *Et 7 t; over 
anodization period of 10 h Therefore, the observed behavior of porosity as a JEunctior) 
ta caimot be neglected In foot, our results of increasing porositj with fa are consist 
with a report by Habrnaoui^ who observed a lugher porosity for 10 pm thick sample tl 
that for 1 pm thick PS layers obtained by anodizing p-type Si under the same conditit 
except ta 

An increase m porosity with seems to suggest that the Si skeleton m PS la'' 
becomes thmner as the anodization progresses However it may not be the case 
discussed below Actually, large voids and trenches formation for longer anodizati 
duration can also increase the measured porosity (see See 3.2) without changing t 
crystaihte sizes much 

It may also be noted fiom Fig 3 16, that the illiiminaiion with white light duri 
PS formation yields more porous material as compared to anodization without any hj 
exposure Increased porosity may be explained by the extra photo generated holes 
simple pliotocheinical etcliing*“ The former process will result in smaUei ciystaUites® 
while later should yield larger voids and trenches in PS layers 

Similar to the porosity, the PS layer thickness also increases rapidly at t 
begmnmg and then slowly with anodization tune for both with and without hg 
irradiation as shown in Fig 3 17 and Fig 3 18 The Thickness versus tj data could 
fitted nicely to a power law expression, d w ta'‘ with the power exponent a“0 8 f 
anodization under ambient light There are reports of linear*"^ and a square ro 
dependence^® of tlnckness on A Recently Riley and Gerhardt^’ predicted a nonlme 
growth of thick PS layers based on multilayer concept It was demonstrated that a thn 
PS layer could be described as a ‘stack of sublaveri , and the growth of each ‘sublayer 
linear to G gradually becoming slower m subsequent sublayers The process would rest 
in a nonlinear growth of overall PS layer 
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3 17 Tbe vanalioc of PS layer thickness with anodizatic 
Without any extents! light a) noraiaj plot and b) log-log 
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Fig 3 18 SEM photograph of tvvo separate Ph lasers p 
ambient light (a) and under external white ilium 
anodizattoti (b) 

The thtckneis of a sublayer and required to grow it 
ions However, a was shown that the observation of sul 
lit for higher current densities t>20raA.cm^) due to v< 
the — between results on the thickness 


d i g oups mo> be due o the study of growth over a Inruted range oj <0 mjn) 
ilumg which [be hangc in growth ntfc can be small CDough o be appr xima cd as a 
nMonl growth rale fhe reason may he he deplctton of e chant species at the 
electro lyte/c- Si interface’’ and the limited transport through porous media 

3 5 DISCUSSION; 

A sunilanty of highly cracked PS surface to the dried mud surfaces generates 
speculation that the cracks are formed durmg drying During evaporation of liquid from a 
wet porous material, capillary tension is generated duo to surfooe tension ot the 
evaporating liquid, and it can be large enough to cause shrinkage or even collapse of 
highlj porous materials such as PS So lowermg the surface tension of rinsing liquid 
should reduce the crackmg of PS layer it was indeed found that lowering the surface 
tension of nnsmg liqmd used at the final step of PS preparation results in lesser enteks on 
PS surface^' Using pentane instead of de-ionized water lor nnsing PS iayci before 
drymg almost crack-fiee PS surfaces were obtauied” As described ui Chapter II, wc 
used propanol for rmsmg 

The gravimetnc porosity, by definition, gives density deficiency duo to micro and 
macro voids as well as any channels in. a PS laver Thus an increase m pmosity can be 
due to an mcrease in micro pore size and/or number as well as si/cs uf channels Hie 
SEM results CFig 3 3) demonstrate that if not the numbei , at least the size at eliannets 
increases with increasing and hence the tncreasmg cliannel sizes contribute to the 
observed mcrease m porosity with li. On the other hand, the XKD study of PS layers 
shows that the mean size ot nanocrystaihtes is almost independent of (Table 3 3) this 
phenomenon suggests that fhe mcrease m micro-pore vvidth contributes very little to the 
porosity increase with t, fherefoie the XRD and SEM results favor an idea that the 
observed increase m porosity with ta for fixed anodization conditions (i.e,, HF 
concentration, current density and resistivity) is mainly due to the increased channel 
formation The channel formation for longer ia seems to be due to the homogeneous (not 
preferential) chemical etching of porous sihcon m HF solution 

The increase of PS layer thickness and no cliange in mean crj^allite size with 
increasing for a given anodization condition may be understood by considering the fact 
thai anodwaJion takes places only when there is an aivodic current flow Stnee tJbc PS 
la>«- B highly (> 0* n cm) compered to tbe efcotrolytei. wfll avD«f the S 



stclcton and pnder the pores Hied wnh electrolyte “ A asriy core 
(Fig 3 Id) dwin* n ratfefluwaf tlirocj 

rncaanret voltage wtmld rapidly wi 

resistance of PS So once the Si skeleton is formed no further anodiza 
lakes place whereas pore tips will contmiie to he anodized prefen 
propagation along the thickness direction This also may be a reason to 
to be independent of ctystallograplnc directions 



Anodization time (min) 

Fig 3 19 The variation of anode voltage with ta for a constant curre 
shows lliat the anode voltage gets stabilized within 5 mm 


The thickness dependence of PS layer on la exhibited a powe 
similar to that without light illumination The power ejgionent a is abnosi 
oases, but value of proportionahty constant for lUurranation case is about tl 
than that for the ambient case Therefore, the basic PS formation mech 
cases a H the with bght i 


faster than wihi ul ilhuranfltBn lo understand ihc observed dependence of thickness on 


and the redaction of crystalhte SMCS on Ofunimation during anodffiatioii, we have to 
look at he fiK of PS formation As the talhtes are fonixd 

Upon anodization, the bandgap as well as ionization energy of the impurity atoms 
increases^ and so the availability of free boles gradually decreases, Under external Hgbt 
Jlummation, the absorption of hght in PS generates extra holes either by lontamg the 
impurity atoms m nanociystallites or through band to band transitions However, since 
the higher concentration of holes in substrate Si (t e. low tcsssUvity) is known to lesult in 
larger crystallites and less porosity in PS layer a simple increase in hole concentration 
does not explain the data Rather, dlummatmg photons may assist the holes to overcome 
the bamer formed between, electrolyte and Si and reach at the interface to participate m 
anodization reaction The observation of reduced ciystallite sizes upon illutnmation 
indicates the hole transport to be limited by tliermionic embnuon in contrast to difltision’^ 
Further, an mcrease in the rate of hole supply under illumination during doodization 
results in a higher thickness of PS layer as compared to the anodization without 
illumination 


From the above analysis, it is clear that the anodization process is limited bv the 
supply of holes at the Si-electrolyte interface and not by ions m tlse electrulyte The 
formation of a large number of wide channels (Fig 3.3b) giving rise fo isolated coluran.s 
of PS upon hght illummaticm implies an enhanced etcliing of PS layer due to 
photochemical dissolution of Si,^^ Therefore, an increase in poroaitv of PS layer upon 
illumination (Fig. 3.16 ) is due to both the decrease in crystallites sizes and photochemical 
etching of PS itself The observed step foraiation at the anodized and unanodized 
boundary provides a proof of chemical etching m general atid photochemical etching in 
particular 


It IS mterestmg to note that the above model helps in understanding .some puzzling 
results reported in the hterature For example, Tallant et al’“ could not detect 
nanociystalkie PS layer on photo-anodrzation of Si although they rqiorted PS formation 
under the same anodization conditions without illumination, Tlioir results may be 
attributed to high photochemical etching rates of PS layer dunng anodization under Ima 
light bias. As photochemical etchmg rate of Si increases with (he irradiatu^ laser 
wtramy^flwposaibfctlieithtiatcof ' - - etefamg con^xml* lo 

the rate of PS fo n under strong resultn^ fo no o PS 



3.h SUMMARY AND CONCLUSIONS. 


We tabncated PS layers consisting of a rich variety of iiacrostructural features b 
electrochemical anodization of c-Si PS layer thickness from "I |im to 200 |am wen 
aclueved by varying the anodization tune (to) from - 3 minutes to ~10 h The role o 
ambient light exposure on PS formation durmg anodization was studied Ths 
microstruclural properties were analyzed bv carefiil medsurements and thorough analyse' 
of SEM, XRD and porosity measurements In particular, following points about the 
formation and microstructure properties of PS layers may be concluded 
aj The gravimetuc porosity increases monotomcallv with inoreastng ta tor both with and 
without external hght lUununation during anodization However, the porosity ibr 
lUuinination case is higher than that for no lUumination case with a given ta, and the 
rate of increase in porosity is also faster for illummation case than no iUmmnation 
case 

b) The thickness of PS layers measured from cross-setiional SEM micrographs increases 
monotomcally with mcreasing ta for a given anodization condition The variation ot 
thiclcness w'lth f„ is nonlinear and follows power law dependence with an exponent 
xmO 8 This IS a common feature for the both illuminahon and no illummalion caves 
However the thickness of PS layer prepared under illumination is almost iwkl dial 
without dlumination for the same anodization conditions and ta The value id power 
exponent is somewhat smaller than that with no tlluraination. 

c) The dried PS surface is relatively smooth but highly cracked for small ta, but becomes 
quite rough with well-developed channels and trenches surroundmg island m PS 
layers for longer 

d) The powder XRD of PS layers demonstrates that PS layers are basically single 
crystalline in nature retainmg the same crystallographic orientation as the substrate Si 
However, there is a shglit amount of misonentation of crystal planes with respect to 
the substrates Si The distortion of PS lattice increases with increasing ta and gives 
rise to polycrystalhiie-lifce XRD spectra from very thick PS layer formed for ta>‘^ h 

e) The lattice of PS layer is slightly larger than the bulk Si resulting in strams due to the 
lattice nnsmatdi at the c-SiTS interlace. The stram is assumed to be highest at the 
interfece and lowest at the PS lop surfece due to gradual stram relaxation from 
inUrSce towards the PS suc&cc 



f) The crystal] c shape Jeteni*r*d from the FWHM of XRD pcak^ n chfie ent ryslal 
ts to be elhpso*] wlh an ckmgB ion aiung [1 ] g uwfh diretLion. 

n* rrcaa aystallitc size estanaled from tax broadenmg afte the Lit on and 

strain broadening coirection is almost independent of ta However, the mean 
crystallite size is smaller for PS samples prepared under white light illumindtion 
during anodization 

The observed structural properties of PS layers are explained m tenns of quantum 
confinement effects in nanocry stailites, the existence of chemical and photochemical 
etching of PS layers The effects of hght tlluinmation during anodization are manifested 
m increasing the number of photo-carners m nanocrystals, enhancing the rate of hole 
transport to eiectrolyte/Si mterlace The supply of holes to Ihc interface is the limiting 
step in anodization process The hole transport is limited by the harner lieight existing at 
the electrolyte 'Si interface and not by the hole depletion layer m Si 'I be chemical and 
photochemical etching of growing porous iihcon result in the fornution of wide pores 
and channels formation surrounding the PS islands 
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CHAPTER IV 

Raman Scattering : Influence of Microstrnctnra] 
Inh omogeneities 


4,1 INTRODUCTION: 

Raman scatteiing (RS), being sensitive to the ciystal potential fluctuations and 
local atomic arrangements, provides usefiil ittfonnation on crystal symmetry and srze 
e&ects' Naturally it would be an excellent probe to study nanocrystollme structures 
Disorder and size of crysrailitcs determine the shape of Raman lines in microciystallme 
semiconductors Silicon, m particular, has been ■well adapted for Raman probe and 
has been thoroughly studied 

In the back scattering Raman configuration, the first order RS front the (100) 
surface ol c-Si represents scattering by LO phonons having momentum q=0 at the 
Bnllouin zone (BZ) center All other features are normally forbidden and hence then 
intensities are weak*’. However, other acoustic or optcal phonons may be observed m the 
Raman Spectra due to violattons of symmetry rules and/or from raultiphonon processes 
under certain experimental conditions^ 

Futher, it is well known that the disorder m lattice structure of Si lowers the 
optical phonon frequencies In going from the perfect c-Si to completely o-Si, the optical 
phonon frequency shifts by a large ainount from —SZO cra'^ to --480 cm"' In addition to 
the frequency red-slufl, RS spectrum also broadens considerably from about 3 cm"' to as 
high as 1 00 cm"' ® The RS linewidth is found to be proportional to the degree of disorder ^ 
In case of nncrocrystalline or nanocrystalline Si (nc-Si), when the crystalhte size becomes 
less than -25 nm, the RS profiles show a red-shift from 520 cm ' along with a linewidth 
broadening'’'’"’"''^'''' The extent of red-shift is correlated with the Imewidth and is 
determined by the crystallite size and shape.''’ 

As we have seen in Chapter HI, porous sihcon comprises of nanocrystallites with 
uiterconncctiitg mioropores Consequently, PS lattice does not posses infinite translational 
symmetry, leadmg to relaxation of momentum conservation at BZ center The phonons 
with wo awa^ from BZ ctnUr C <= decided by the nyitfallilc me, arc 


allowed to coiaiivlc u tbe ftral o dor RS 

ITitTcfore a. IS r» suipnsnjg that the RS is e cnsi ■elv ustti o dr ermtoc tlie 
cryrlHllitc naliar and t)« mean rvsfaJlitc jirc of nt S ' me udmg Ph 

Spatial vanatjons m Raman scattering from same porous 
silicon samples have been observed''’-'”' Though stresses as a functuni of layer 
thickness have been explored in some detail’” microstructurdl oiigm of spatial 
inhomogeneities has been little explored Therefore, only hmited conclusions can he 
drawn from a lot of published Raman scattering data on porous silicon Comparison of 
data from tarious research groups is even more difficult 

We have employed micro-Raman probe to analyze wcll-clur£ie.tcri/ed PS livers 
described in the last Chapter In this diopter we demonstrate the importance of micro- 
Raman measurements m characterizing anodi/ed poioiis silicon Rok ployed by the 
structural inhomogeneities in detenrunafion of Raman scattering is dtscusss'd. In Jact, 
enhanced micro structural features in thick PS layers ted us to observe the hyinmctry 
forbidden Raman scattering modes al room temperaturc Anibigtittios in detenntnmg the 
crystallite sizes of porous silicon nanostroctures using the standard pborKin umfincment 
model are exposed A full detailed analysis of crystalliU' size thstribiidm from Reuntin 
optical modes is deferred to the next Chapter 

4 2 RESULTS 

Let us recall that all measurements of Raman scattering were carried out using Ar‘ 
laser ( 11=514 5 nm) at room temperature Ihe intensity of laser beam was kept low to 
avoid sample heating and structtual transfoimitlons’”, The diameter of mtero-Ruman 
probe was ~3 pm 

4 2 1 First Order Raman Scattering, 

Effect of Spatial Inhomogeneities, 

Fig 4 1 shows mam LO peak around 520 cm’’ in the measured RS spectra from 
three different sampling spots randomly selected on the same PS layer {~1 cm dta) 
Probed spots were selected from the central region (~2tnm x 2mm) of the PS layer to 
nurutni2E the structural variations due to aaodizmg current frtnging at the menistuis {Ftg. 

3 6i RS profile from c S' wafer a atoo plotted m Fig. 4 1 fijr ml of 

aS the plectra no The main LO Raman hue m aE three spota from PS arc 



broBdeijcd and shifted to k \vcr frcquernues as conpamJ o Ut Si, 
RS spectra from aUac imtcnalt Huwcvrr it b mJercslBig 

shape shift, broadaung ami a^inmetry are different for the RS 
different spots of the same sample' This observation clearlj indii 
inhornogeneitie? at a rracrobcopic level, which mav be due to van 
sizes, strains, or both 



Fig 4 I Raman scattering front different satnpiing spots on a 
layer (#NI03} Raman spectnmi form c-Si measur 
idcatjcal conditions Js also shorn 


Recalling the SEM results presented m Chapter III such spatial 
profiles are not sutprising The PS layers were found to contam c 
channels forming weU-developed islands The sizes of islands were of thi 
microns and so they should be easily observable under the video camei 
micro-Ranism probe Therefore by using the nucro' probe facility t 
islands can he probed mdividually- We studied the RS profiles from vha 
m such a that piobe kwo beam was focused erlht ntlo chan 


Normalized Intensity 


D CrosS-OVET 


2 clearlv shows the channel regions as weR as islands 
nels as B-sites. 



SEM micrograph revealing isolated islands (2. 3, and 
as site A, sutrounded by wide channels ( 1 ) (site B) 



Raman Shift (cm 


RS profiles from the wo sifes fo a PS Layer 10 pn thick are shown tn F i£ 4 
"he RS fro n A site (isfctnif) has oaly one clcartv viahie broad and i r 

peak at —SOScni ' with FWHM of ~60 cm"' On the other hand, the RS spectrum from I 
site contains clear signatures of two peaks at ~520 and 511 cm', respective 
(deconvolution not shown) The sharp peak at -520 cm' mav indicate large crystallitt 
near the PS/c-Si interlace Alternatively, the presence of c-Si peak also suggests that th 
incident laser beam is able to ‘"see” the substrate m the channel region The coniributio 
of the broad peak to RS intensity shows the presence of ne-Si at the bottom ot channel' 
Except intensity, the shapes of the broad peaks from A.- and B-sites are sinular 

The observed difference between the two intensities could be due m th 
difierences in porous silicon volume under the laser probe For islands (site Ai th 
thickness of PS layer is much higher than the effective thickness through the channe 
(Fig 4 2) and mav be sufficient to prevent laser excitation from reaching the PS/c-S 
interface 

Effect of Layer Thickness (Anodization Time)* 

In order to study the structural changes with anodization time (/„), we mvestigatec 
several PS layers febneated over a wide range of U (fevt mm to several hours) for botl 
with and without external wlute iliununation The PS layers anodized without externa 
illumination are called type-i PS layers, and those anodized with hght lUummation art 
called typc'll PS layere Some of the RS spectra from different PS layers of type-I arr 
shown in Fig 4 4 as a function of U The spectra from PS layers exhbit a redshifl o 
Raman peaks by different amount with respect to the c-Si peak The Raman peaks are 
symmetric iuid quite sharp for short ta (s30 mm), and becomes asymmetric and broad foi 
longer U (kbO mm) The sharp peaks can be well approximated as Lorentzians The 
values of peak frequencies and FWHM for PS layers are given in Table 4 1 If we assume 
that the observed redshffis (Acoobs are due to phonon confinement (PC) 

3 and 4 cm'' would conespond to FWHM~7, 10 and 12 cm-', respectively 
which are larger than the observed FWHM. Therefore, m addition ciystalhte size effect 
the A oxu &r shorter *a 3i»ve contrifaut ions from other effects, such as steams 
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Raman Shift (cm'‘) 

Raman spectra from a set of PS layers fonnuJ untler amfatent 
light as a fonctron of anodtzation time 


1 Peak positions and width RS profiles from type- 1 PS layers 
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Fig 4 5 Roman scattering profiles from PS layers prepared under light 
lilummation for different ti 


the PS layers formed under white light lUununation during anodization have 
different rmcrostructures (Chiqjter III) and it may be interesting to see their RS behaviour 
'file Raman spectra from ddlerent PS layers of type-II as a function of tj are gwen m Fig 
4 5, which shows that all RS profiles, similar to type-I case, are redshifled with respect to 
the c-Si peak and Raman peaks are sharper for shorter ta (<30 mm) But unhke type-l PS 
layers, the Raman peaks for oU PS layers are asymmetric and much broader The values 
of Raman peaks and FWHM for type-II PS layers are tabulated m Table 4 2 



riWc4 2 PcaLpoStfwn and vniith RS &orti type PS kiycrs 


Sample 

Ootelcm') 

FWHM 

A<10Qbs 

aipc ( cm ' ) 




(cm'') 

(cm'') 


(cm ') 

c-Si 

521 7 

65 

— 



NJ24 

521 5 

20 0 

02 

513 8 

-7 7 

>2125 

519 1 

160 

26 

515' 1 

M 0 

NI26 

507 I 

63 2 

14 6 

r^l 4 

-5 7 

NH9 

514 3 

32 0 

74 

5106 

-3 7 

NI21 

518 3 

37 6 

34 

508 8 

-9 5 

NI22 

519 1 

22 4 

26 

5132 

-5 9 

NI23 

Si I 9 

32 0 

98 

510 6 

-1 3 
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4.2.2 Symmetry Forbidden Raman Modes: 

A 


Fig 4 6 shows Raman spectra (RS) obtained ftom c-Si (100) and anodixed porous 
sdicoti (PSj layer at 300K In the imanodired sihoon substiate. a strong smd sharp 
longitudinal optical (LO) phonon Ime at ~521 cm' li present In addition to this mam 
peak, two very weak phonon frequencies are also appeared in RS profiles Irotn substrate 
Si These RS lines are centered around 305 and 635 cm'* having intensity ratios of 
3 1X10 ^ and 5 5X10"^ respectively to the intensity of main Ionian peak which anyes due 
to LO phonon scattering m defect free c-Si The LO Raman luie m anodiixd Si sample is 
broadened and shifred tovvards lower frequencies The intensities of RS lines at around 
too and 625 cm ' are also enhanced by more than 10 times of c-Si case Fiutherroore RS 
profile from PS layer contains new features at around 250cm'' and above 700 cm"’ having 
comparable intensities \ summary of various phonon modes, obtamed usmg Gausyan 
deconvolution, ftom different PS samples is given m Tabic 4.3 In the present 
expenmenial coafiguratjon, only LO phonon mode h dtpofc o&ovwd and aH other phonon 



nvxies ore syrnmetrY toibnidia)- Hi- of additifma pb 

PS imticates breaking of Ramaii selection mbs m PS Sdinple 



Raman Shift (cm -i) 


Fig 4.6 


A typic^ Ramfin speetta measwed at »osa tem 
layers contain strong SFR. toes in additic 
nanotrystaltoe peak Such features are absei 
under normal condition for substrate c-Si (a 
decoiwolution of various Raman peaks are sho\ 


Cb) 



aNc 4 Vanous pU. nun modes observed in Ram.wi spa. rum fn m 
VBr»os PS IsytTb a1 300 K. {all umw are in m 
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The effects of on RS from PS layers are illustrated in Ffrgi 4 1 The intensities of 
spectra were nomalized vtith respect to corresponding LO peak mtctiaities The intensity 
of low as well as high frequency peaks increases with increasing Ifowevor tor very 
long anodization, their intensity decreases gradually with Ffe, 4 J shows the effects of 
U on RS from PS layers prepared under laboratory environments The multiphonon peaks 
are distinctive-featuretess and less pwaoiaced in this case. Therefoie, to; observed 
addrtional features are independent of PS fabrication conditions and sampling spots on PS 
layers as demonstrated m Fig. 4 7 and Fig. 4 8 
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f'ig 4 7. Room temperature Raman spectra from varioi 
shown as a function of t, (thickness) a) 10 mm 
(10 jim), c) 60 min (30 pm), tl) 12o mm (50 pm) 
pm), $ 420 min (1 50 pm) and g) 600 min (20C 
oiystallite sizes (standard deviations) deduced 
Raman peaks using Gaussian size distribution 
with the ndmg spectra. 
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Fig 4 8 Raman spectta from varion'! PS layers prepared imtk 
light are shown as a fimction of t, (thickness) a) 60 mu 
b) 120 nun (30 (im), c) 240 mm (48 jiirr) d) 600 mm rOU 

4.3 DISCUSSION 

4 3 1 NanocrystalUnity and size* 

The Raman scattering fi:om various PS layers preipared under diH 
conditions has demonstrated the nanocrystalliraty of PS layers Howevei 
of PS layers seems to depend on tlie anodization conditions (Pig. 4.4 a 
only the structure of PS layer aepends on anodization conditions, but a 
for different regions on the same PS layer. The PS layers, which contai 

channels and island*, exhibit through out it* exposed 

crystalhie Bze and ofter detaijs mavbc frw 


A.S dficusscd m Chapter bettwn 3 the fina-ontr Kimwi mtoisit . 
sphcncai nanoi-nstais oftnean diameter tu is given by " 



r^] 

d^q 

4 J 



0 

(- 2 ^ 


where To is the natural full Imewtdth for crystallitie Si mfi/'i is the optical phono 
dispersion relation The mean crystaUite sire Z o is in units of lattice constant u | o ‘id t m 
lor d-Si) The calcukited rcd-sbift (AcOfc) as function of f WHM is shov,n m 1 ig 4 D 
while the mean paitiole si/e veisus FWHM is given in Fig 4 4b It is clear that th 
FWHM and A® are inicn elated 

The observed peak shifts and FWHM for PS layers (Table 4 I and Table 4 2) d. 
not follow the same reUtinnship as suggested by the phonon couftnement effects fPCEl t 
Fig 4 9 I or example, the redslufl of Raman peaks m type-f PS layers for t„(^0 ram 
cannot be explained by PCE in nanoctyslals Since the line broadening is matnl 
deternuned by the phonon confinement in nanociystallites, the contribution from PC t< 

can be obtained from the tlteoretical values of Raman red-shift (Aopc 
corresponding to the measured FWHM values The calculated values of Aaipc for differen 
PS layers tire given in Tabic 4 1 and Table 4 2 The dilation of PS lattice accounts for tb 
obseived rodshifts in these PS layers The difference between Aotpe and Awobs represent 
the contribution fiom strain and/or other effects as the values ot which are listed u 
the last column ot Table 4 1 and Table 4 2 The results m the last column of Table 4 j 
indicate that the strains are the main contributor to Acoobs for tt < 30 min, while the PC 
effect IS mainly responsible for the observed redshilts in PS layers for longer ta (A60 nun) 




Fig 4 ^ Calculated red-: 
FWHM 


(b) 

meat! crystallite siJK^^as a flincljon of 


In lype-U PS layers, the valuei Awpc corresponding to the observed hWHM are all 
much less than the observed peak frequencies Ao), arc dl negative which are in contrary 
to the type-I PS layer case, thereby suggesting a contraction of lattice of type-Il PS layers 
oojnpaiedto c-Si lattice Such a large value of lattice contraction (~'l8xl0’} seems to be 
unrealistic because PS lattice is known to (Mate slightly ('^xlO ’) {Chapter lit} On the 
other hand, although the inhomogeneous strain will cause line broadening, the observed 
high FWHM cannot be accounted for strain variations 'rherefore, it is iiugrerative that PS 
layers contaui other elthcts than the size and strain. One of the possible Teasons may be 
the prL-icnce of another group of sluBllcr crystnllites or a fractroo of s-S compotKOl m PS 



laycR rhc bo.h of .hem cai. aicrease the FWHM considerably givm 
frequency tail in Raman profile 

As discussed above, the redshrft of Raman peaks m type-I PS i 
min) are caused by the dilation of PS lattice Therefore Raman results 
layers formed for f«<30 rmn, do not contain nanocrvstals even tl 
photo luminescent (we will see m Chapter VI) Similar results also reporl 
on PS layers prepared wdh laser bght dlununation during anodizati 
due to QCE, tlien theie must be nanocrystals of size less than 5 nm. In on 
we studied the vaiiation of Raman intensity from PS layers {NI082 an 
different crystalhte sizes and from c-Si The results are illustrated in Fig 4 
two diflerent PS layers of tvpe-I having different crystalhte sizes sniallt 
shows that Raman intensities from PS lasers are higher bv as much as 10 
from c-Si for larger crystallites The enhancement of RS inlensit) from PI 
due to the multiple reflection lUid/or resonance effect The shaip and ei 
petik IS due to either 




leig o-tolblcs m he PS kycr o from he sahstra e c S o ho h- mav be mentionEd 
tha Ik presence of brge oystalhlcs 0 nm) ha c been epOTted from XRD sludtes do 
■freesTanding iluck PS i^er anti PS posvder (Chapter Illj L we consider Iw fee. .ha. fee 
substrate c*St is much thicker and stronger than the PS layers so that change m its lattice 
constant will be negligibly small compared to that m fragtie PS lattice the observed 
lattice dilation (estimated from redshift of Atu,! cannot be aceounted lor substrate c-Si 
Therefore the large crystallites of PS layers are the major contributor ftir icdshiftcd sharp 
Raman peaks The Raman intensity from thick PS layer fuvmg smaller crystallites 13 
much less compared to the larger crystallites, but sttll htghei than the mtensity trom t-Si. 
These results unply two things lirst the Raman mtensity is propon tonal to the ciystallite 
si 2 es and secondly, the major fractioti of larger crystallites ts near the interface between 
PS and substrate c-Si 

The presence of nanoctystals in these PS Uyets has iTceii conlintwd by 
determtnmg the crystallite sues from line broadening ot XRI) peaks (C'tiapler 111) Thus 
wheneter there is mixed of larger and sm.dkr crystuliitc- in a PS U\cr, the 
measured Raman peak mtensity is dominated by the RS from larger crystallite'' txhtlt. the 
contribution from smaller crystallites lies m low frequency tail of the Ramiin peak 
Therefore for a thin PS layer tie, small ftaclion ot ndnocfystaititcsi. the Raman line 
shape will be determined by the larger crystallile.s as tf there is no nanotrystalhlcs This 
fact of simultaneous presence of smaller and larger crystallites can explain the obscryed 
result of PL from these PS layers as well as the lascr-rmodized p-type Ri”* even through 
the RS fads to detect nanocrystalline nature of PS layers Motcover tmr results ot RS and 
XRD from PS layers agree with the results of smalt angle x-ray scattering (SAXS) and 
XRD from freestanding PS layers Random yanation of Raman peaks with te for both 
types of PS layet can be attributed to the same idea of two ddlercnt range of crystallite 
sizes Because of the presence of random micro voids and large pores in PS layer (see 
SEM pictures in Chapter tllj, the exact Raman line wrfi be dctermiiied by wiKJtber the 
incident laser beam reached the PS/c-Si interface, or the particular sampling sprit has a 
significant fraction of large ciystals Therefore unless proper segregation of two 
coitnbiitions b done the actual of the PS layw t he 



hckaess of jpe il PS ave s s almost doub e the hicteess ot fjpc 
wo id be ess oti nbu on fi-ois lie PS (? S n c face to RS p ofile , 

0 he hand amina on during anodLsaiKiti generates extra hoies ui 
reaching Sitelectrolyte mterfece resulting la thaimig of Si sUleto 
unetcaed portion w taanent Si scruceme This will again reduce the c 
cr5";tciltac3 to RS proiik, it maj aho he raiderstood in sirriiai tnanr 
(i e,. higiwr thickness), the Raman tpacira ftom both tjpes 
indistinguBhsh'c 

For tnixed^pfiaaed nanociystailaie systems, the determirution t 
not straight ionvard*^ fa comentioiml appioach, deconvoli 
constituents by fitting the obsened RS spectniro is none The nujoi 
assigmia to the narcu-rystaihiie phase and the ’iveak faj region i 
disordered or amorphous plwse, which may exist on the suidacs of 
Dourdarv icgiotis betw<. cn two orysW'litts A typical fitting result is sbor 



Fig. 4. 1 i Fittmg of Raman profile fcr twe pJwscs nanocry staBir 
dtsooie 00 ® coiupor^ntj. 




Raman Shift (cm*') 


Fig 4 12. Fitting Raman profile for two phases tn two tliffe 
The crystalline component c is &t fitteti alone 
amorphous component (a-Su as added to c und then fi 
crystallite size of c as constant 


the tail part of Ranm proffle bewg My taken over h) the amurphoi 
improve estunalion of crystallite size, Roy et ai.** introduced (wo ste; 
the major peak is first fitted alone to the RWL Raman expression (Fq 
disorder teim is added to the confinement term best fitted to Raman 
mean size (Lo), obtained from the first step, constant Fig 4 12 shows 
this method, the value of mean ciystalHte skc is closer to ih* XRD v« 
is poor Actually the value of mean size obtained this way is the aven 
spectrum, and becomes dependent on the relative fraction of the constiti 
For further maprovement m fitting quality, another crystalline 
and then best fitted to the spectrum.'^ The quahty of fit is really irr 
However the mean crystallite sizes are still large More detail study of 
Art the e SB* will be given m CUi^Acr V 


NI25 


1 2 



Ramaii Shift (cm-i) 


Fig 4 13 FiLting of Raman profiles nsmg 1-wo phases tv*o different 
nanovryslals and one disorder*^ 

4 3 2 Observation of Symmetry forbidden RS 

Apart fiom broad and redsbfted mam Raman peaks corresponding to L( 
phonons, low and high fiequeacy peaks are present m RS from our PS samples These an 
either absent from RS of t-Si or too weak in mtensities to be measured (Fig 4 6j Tb 
appearente and enhancement of symmetry forbidden Raman (SFR) lines from PS mdicaU 
a drastic violation ot Raman selection rules Munder et al^' have demonstrated such . 
symmetry violation in their 100(010,010)100 scattermg configuration They havi 
observed SFR lines toward higher ffequencies which have been attributed to th« 
fimteness of the nanocrystallites and termed as surface-assisted multiphonon processes u 
PS The few layers of atoms at and near the surface of crystallites are distorted from then 
regular structure Consequently the translational symmetry for the atoms at the surlauf 
IS broken If the lattice distortion is sufficiently large. SFR line may appear in RS profile', 
As the crystallite size snrfijcc to volume ratio resu g m ai 

fiacUin of dBtortwn Thcrefoir the probabihly of ge mg SFR mes nc case 


s™ er cry^aJ rtes Acco chng o ttn as tw parUc e h^lc decj-eascs more enhanced 
w uW be be effects of symmetry vwfcrtKtn on RS &on PR ma explain hserva jon of 
SFR fedtures m our PS sampies Bui ihat ts tiOi nUe m ou ‘■amp t g 4 7 jikI Fig 4 S), 
Beside^ the particle size determined from LO peaks using phonon confmement model m 
ciystalhtes and from XRD data does not support these arguments 

The lovier and higher frequency multiple phonon modes from frecst^mding PS 
layers formed on (i 1 1) surfaces of c-Si have aL>o been reported by others” Along with 
the mam optical phonon modes, Feng et al have ob<wned Rs Itnes at around tO(i and 
600 cm' at 300K and at lovner temperatures Ihcy have assigned them to 1 A and 2LA 
phonons respectively. Whereas Tanmo ct studied muliiphoiwn modes from both PS 
samples as well as c-Si(lTl) substrate at low temperature fHiK) Thvj have lound an 
enhancement in relative uitensilies of multiphonon vcatferiiig from P.S ia.crv tompared to 
that from c-Si These features of multiphonon Raman scattering m Ph have heen 
attributed to relaxation of symmetry rules and to a surface tissistcd pbvuwn sciiuermg 'fitc 
reason for an extreme increase m first order Riunan st littering intciisuv lias been 
accredited to the multiple reflections of probe light beams, According lo this hypothesis, a 
thick PS layer havmg smaller crystallites will give more enhartcentent of Raman inleusity 
compared to a thin PS layer liavmg larger crystallites I he Rntnan peaks al around 300 
and 400 cm"' are similar to the LA and LO phonon roodcs, respectively Some authors^ 
argued it as the contnbutions from a-Si to the observed RS profile t>ur results do not 
seem to indicate that Because the samples which gives mo.st enhanced RS signals for 
SFR modes does not show any distinctive TO modes of a-fri Moreover those"* who 
showed a distinctive TO modes m RS from PS have not observed any RS features at 
lower frequencies Furthermore, low frequency RS signals from oxidi/cd PS are much 
less compared to Uiat from oxide removed PS by a bncf dip m diluted HF {Fig.2 m ret. 
39) Therefore assumption of a-Si and/or oxygen induced surfece disorder in PS layers 
cannot account for out observed enhancement of lower or higher frequcnciea Rfl from PS 
Layers 

PS layers have expanded lattice compared to substrate Si This lattice mismatch at 
the interface between the PS and sntetiafe causes strain m. PS layers The strain* induced 
micromisorientation of crystal lattjces may give rise to an enhanced irttenstty of nomiaUy 
SFR hues by bringmg certain unfevorable phonon modes m &vorable condition It has 
been observed m GaAs multilayers However such a lattice distorbon would not present 
* PR byeiT ” due to the lack of am ithcc lavrn 



ft function of anodjTBtnn tnriL ovo" wide rmp Wcsui be ‘tuUshclo 

PS layers sJiew upmm mhomogcncity o -r ic en ire ncxlcad irca m jms of 
orystaHie sizes nnH strains Tbe bottom of he chtinocL tIso con ain rimVH.n line phase 
similar to the islands None of the PS layer contains any diKtinclive feature of amorphous 
sihcoa 

The observed redshift in PS layers prepared under ambient light for shorter 
anodization (<;30 mm) is mainly due to the strams existing at liw P'^ c-Si inierfate I he 
basic features of Raman spectra from the PS Iiiyerfi prepared with or without external 
illumination are the same The observed dificrences in Raman profiles belwesn these two 
type of PS layers are mainly due to difference m thickness anti (he micrt'stniaure 

The convaitional methods of crystallite sizl determination using phonon 
confinemenl model on Roman profiles do not agree with XRD results 

The breaking of Raman selection rules in PS layers gise.s rise to the symmetry 
forbidden Raman hnes The presence of neither anorphous silicon nor ywdalion tndneed 
surface disorder can account for our results A combination of various itiechamsms .such 
as crystallite size effects, lattice mismatch induced micro-mibonenlaioni. o! crystal planes 
and multiple reflections and refraction within the PS nanostruclures. explains the strong 
SFR lines from porous sihooit Our explanation of observed bcimvtor of ST'R modes is 
supported by a detailed X-ray diffiaction analysis on the same sanipk.s 
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CHAPTER V 


Raman Scattering: Influence of Crystallite Size 

Distribution 


5.1 INTRODUCTION: 

As seen m the las: Chapter, Raman scattering is often ambjgnouslv used tc 
determine the mean crystallite sizes in porous silicon Important properties of PS. such as 
room temperature photoluminesccnce (PL), are found to depend on the crystallite sizes 
Several authois Itavo shown a direct correlation between PL energv and the size of its 
nancisoalc Ss units''^ Further, it has been found necessan to invoke the wee distribution 
m the siheon nanocrystoUitcs to understand the ime-shape of PL spectra^ usmg quantum 
confinement (QC) models Moreover, the processuig histoiy of not onl> porous silicon 
but also other nc-Si structures would suggest a statistical distribution m crystalhte sizes m 
these samples Therefore, a precise determination of nanocrystalhte sizes and their 
dLstnbutions is essential to understand the luminescent properties of porous and nc-Si and 
hence to tailor the nanostructures suitable for practical applications 

Usually, the crystalhte sizes arc determined usmg various techniques, such as x 
ray diffraction, atomic force microscopy and transmission electron microscopj 

(1 EM}*” Of course, Raman Spectroscopy (RS) beirg simple and nondestructive has been 
rdied upon heavily to obtain the crystallite sizes In® ArM ano 

TEM measurements may be used to obtain crystalhte size distnbution (CSD), whereas 
XRD and RS measurements yield only the mean crystallite size of samphng area under 
study As discussed m the last Chapter, standard theoretical description of Raman"’ "" has 
Ignored the effects of size dispersion Although several authors"”"* have suggested the 
importance of size dispersion effects for correctly estimating the average crystallite sizes 
from Raman profiles, no attempts were made to include size dispersion into to modelmg 
of Raman profiles Only lew reports*-^ have numerically included the size dispersion m 
the form of size histograms 

In this chapter, we develop a modified Raman intensity expression mcorporatmg 
the crystalhte size distribution A Gaussian distribution in orystaUite sizes is exphcitlv 
laciudedto ctbcRai*mt?wlmof»itonnanDtlmc(^ Imphcairois of he 


sM AislnbuUon do Ransn ihifls, hn adcning ond hnrahapea are cicmonstra rd Ihrougli 
Oko ctKaJ ns of RS profiles iwmfe the mean cryslaJ ae sire (/, and ils standard 

dc c K n a) Ik uxxiified codfireuKrt mode v-as ahdated on Ihosc published Raman 
daid on PS where a direct measurement of CSD was available Further, we also report the 
appliCiition of our analysis on Raman data of «c-Sj produced by techniques other than 
anodi/niion ^\'e measured Ramon as well as PL on the rame spots using rmcro-Rainan 
probe !hc size distribution obtained from fitting the Raman data using our procedure is 
able to predict the PL spectra accurately without any fitting parameters (next Chapter) 

5 2 PHONON CONFINEMENT MODEL INCLUSION OF 
CRYSTALLITE SIZE DISTRIBUTION; 

(n the bulk c-Si, we observe the mam Raman peak at —520 cm"' corresponding to 
the optical phonon frequency us a consequence of conservation of momentum Phonons 
m small crvstalhtes (<I0 nmj are localized m space So the phonon momentum is not ^vell 
defined due to the uncertainty principle and hence q is no longer conserved in snuil 
nanocrystals. As a result, all the phonons of the dispersion retotion contribute to the 
Raman signal from nanocrystals Since the phonon frequency at the Briiluoin zone center 
is mavimutti, the participation of all other phonons wiU pusli the Ranwi) peak position to 
lower frequencies along with a knewidth broadening In particular, smaller size 
cry stallites would contribute more At the risk of being repetitive, \vc reproduce the first 
few steps in the model below for the sake of completeness. 

A phenomenological theory^’ was developed to explain the expenmentul 
Raman spectra from microciystalline Sfi' Accordmg to this mode!, tiie kiLalizution ot 
phonons is taken mto account by a weighting function W(r,L), where L is the phonon 
localization length and represents the dimension of a nanocrystallite, and j is the radial 
coordinate The Raman intensity given bv the phonon confinement modei for u 

spherical nanociystal with diameter L is 

f \C{q,LXd'q 

" +iro'2f 

where o:(q) is phonon dispersion relation with the phonon momentum q, Fg is the mturei 
hnewidth of bulk c-Si, and C(q,L) is the Fourier coefficient of the phonon confeeimct 
fiaic'-ion W(~J} There arc diffcrart forms of W^L) We chose ti* Ga tfann. 

IT L exp a jl 
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wticre conslant ts a 


The cotrespontiing 


it: of degree of pin nou 
homier coefficient for spherical crystallites is® 
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(5.3) 


In Older to include the effects of a random distribution of ciystalhte sizes tti real 
samples, we incorporate the size dispersion in the Raman intensity prohle bv integrating 
Raman profde for a single nanocrystallite [Eq(5 1)] over the appropriate CSD If CKPi 
represents the CSD of an ensemble of spherical crystalhtes, total Raman mtensity protile 
for the whole ensemble of nanocrystallites becomes 

/{ffl, L , } = Jo(iy (lii, L)dL (5 4) 

For a Gaussian CSD, OiL) is given as 
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(5.5) 


where the mean crystallite si/c Lo and the st<indaid deviation care the characteristics ot 
the CSD By pulling Bq (5 5) into Eq (5 4) and then integrating the results over the 
cry'-talhte sizei L, one gets 
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(5 6) 


where /(^?) = 




1 hus Eq (5 6) for Raman intensity profile now explicitly incorporates the size 
dispersion parameter a There are attempts to include effect of the CSD on the Raman 
hneshapes Bottani et al. attempted to mcorporate the size histogram evperimentahy 
determmed from TEM on Gc quantum dots“ A recent pubUcat.on by Mavi et al also 
reports mclasion of size distribution by numencal integration’ However. Eq (5 6) 
provides an analytic function for direct inclusion of the Gaussian CSD to extract the CSD 

parameters from the experimental Raman data 

In view of meaningful physical limits on the dispersion parameters and lor easy 

calculation of Raman hneshape, we can fiirffier simpl*' Eq (5 6) by restricting the 

dapcmain atobefesttani^ Inthatcasethevafocofecm' fencUon 



beccimra much less than unity and can be gmred The resulting ctror vs 


small {''5%') in overall calculations Therefore, tor Lo^a, die Eq (5 6) can be readily 


wntten as 
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(5 7 ) 


The new Raman intensity expression [Eq (5 7)] becomes very similar to the well 
used standard Raman mteusitv expression [Eq (4 1)] except for an extra parameter /(tgj, 
which mcorporates the distribution broadening parameter cr mto the Raman lineshape 
expression 


5.3 RESULTS: 

In order to obtam the quahtairve features of the Raman profiles for Si 
nanostructures, we used the intensity ejqpression obtained in Eq (5 7) The application of 
thjs lineshape analysts requires a proper phonon dispersion relation ivCg) and realistic 
numbers for different parameters (a, Fo) mto Eq (5 7) Smee most of the phonons near 
zone center contribute to the Raman scattermg for Lo»a, the chosen phonon dmpOTSion 
must represent correctly the bulk phonon spectrum near the BriHuoai zone center We 
chose an analytic form for phonon dispersion relation as <«(q)=a()(7-d 205 '^), which 
reproduces well the phonon dispersion relation for I.O phonons along [001] in Here, 
at) (=520 cm ') is the phonon frequency at q=0 q is taken in the units of where a 
represents the lattice constant of c-Si ((3=0 543 nm). We took the localization parameter 
(3^2 for strong phonon confinement and the expenmentally measured natural Imewidth 
/flsS cm ' including the instrumental broadenmg at room temperature 


531 Simulations of Raman Spectra' 

Fig 5 1 demonstrates the effect of vanation m cron tlie calculated Raman proffle 
from an ensemble of Si nanocrystalhtes for two different mean sizes {L^ The peak 
position shifts to lower frequency with decreasing crystalhte size as expected However, 
interesting effects are observed by lotroducmg a m giwg ^ 

peak positMn red stalls only atghtly but fra; as well as 



adimxlireof a snaJl mnoirt of amorphinB ptoe ' 

presence of a arong and longer tail m Rb tares wH make one t, 
amorphous phase exits, which may not be the case The effects of a w 
predonunant for smaller nanocrystals compared to the larger ones It is 
that for larger crystalhtes (>10mn) and/or smaher (rvalues f<(10% o 
variation are neghgible In such cases, standard description using Eq ( 
RS profile quite well 
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lug 5 1 Calculated Raman spectra of Sthcon ijanocrystalhtes h. 
mean crystallite sizes (Lo) having a Gaussian size distnb 
diflerent standard deviation (o) cr is given in term ot a 1 
Lo 

While the Raman peak position shifts towards lower wavenumt 
the ciystallite size, increase in size dispersion a influences the two s 

We a Raman fo an 


7 am mid sko dispersion a -0 2Ls tn fig- 2 Ibffc =rc tnrw 
BTC rcaiHy obtainable from the Raman speclrin^ Raman peak Aift 
c Si value (A<y), peak broadening FWHM (/a+/s) ^ asyininrtry 

V the ratio of the half width at hall maximum (HIVllM) towards lower 
to that at higher frequencies {Ft) as shown, m Fig 5 2 Sufficient 
been paid to the last parameter m the literature We now discuss the 
nly on these roeasutable Raman parameters The dispersion a{ 20 /o of 
tlj changes (-1 cm'*) the Raroan peak frequency wliile considerably 
M by about 7cm'* (from 3R to 45 cm"') As it is seen in Fig 5 1> Ihe 
■1 IS almost entirelv due to the increase in the low-frequency tail The 
iher frequency side lemams practically constant As a result the 
lan Me will also increase luiearly with FWHM due to increase ui cr 



typical Simulated Raman spectrum from an ensemble of nt-Si 
aving a w^efl defined ciystalhte size distribution with mean 
ryntailite SIZE i 2 7 cr— 0 2 Lo- 



e pxis o oiy un ura. raca^ciBhlt: euc plo cd t 

function of !!<; mcBB aystfllEle vzs I fcad> show* that tie effect of 
•ongcr fo acBSlc aBilc* lias jiaitxiiljii feet suggests Ow ps tb 

ze decreases, larger numbei of phonons wth smaller frequencies participate 



} Tbe caJculatacl vamtion of Raman Imshape parameters as function 
of (J and ir (s) redstaft, (b and W 




m the Raman resuitm^^ m longer and slronger low hrqiteixry Raman taiL Al 

the sBtnc tunc the m may be understood by the that (a) the 

scattered intensity from larger crystailite is higher as the number ot phonons with a 
particular frequency m. participating in the RS is nroportional to the volume of the 
crystallite y e , I/), and (bj the spread in phonon frequencies participating in the RS 
decreases as the crystalhte size increases and vice versa Therefore as cr increases while 
keeping Lo fixed, the spread in the participating phonon frequencies remains unchanged 
for larger crystallites (>LdX but the scatteied intensity increases On the other hand, the 
spread in the phonon frequencies participating in the RS increases to lower frequencies 
for smaller crvstalhtes (<£o), and scattered mtensity also increases as number of crystals 
gnuig phonons with o) (<at)) mcreases. As a consequence, the mean energy of the 
scattered phonons remains almost unchanged and the FWHM and asymmetry are both 
mci eased with increasing erfbr a fixed 

Fig 5 4 shows interrelationships among three parameters (i e , Am, FWHM and 
asymmetry) as fimctions of both -Co and cr This figure may be compared with Fig 4 1 that 
shows a relationship between Am and FWHM due to phonon confinements on the Si 
crystalhtes Let us focus on Fig 5 4 (a) first The dotted hues show the relationslup 
between Am and FWHM for two difietent values of <r Upper dotted hue is for a=^0 tno 
size dispersion) and lower for a=0 3L„ Sohd lines show the same variation for a fixed I „ 
by changing tr continuously from 0 to 0 3 Lo For example, the top right solid line for 
Lo^3 3 nm shows that while Aw does not vary much by having a size distribution m 
oiystallite sizes, FWHM shows considerably higher broadening Moreover, the uiflucnce 
of cron FWHM is higher as the mean crystallite size Lo decreases 

Sirmlenly the variations of asymmetry (Tj/Tb) with FWHM for different values of 
Lo and cr are depicted m Fig 5 4 lb) It is observed that when Lo varies keeping a 
constant, the asytranetry-FWHM follows a power law, whereas the asymmetry-FWHM 
becomes linear for <7 variation with constant Lq. Thus by plotting the experimental ho 
FWHM and/or asymmetiy-FWHM one can detennme tlie CSD in the nanocrysuUme 
samples 
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fig 5,4 interrektionship among the threfc measurable Raman par 
A(i), FWHM and asymmetry Fa/Fb 

ftic Raman peak Ireqneacy shift Aoi (with respect to bulk c-Si) 
illite size Ls is shown in Pig. 5 5 as a fungtion of sue dispersion cr 
able of Si tisnocrystallites hawng mean crystallite sue Lq and disp 
ibed eiupincally by confinement model as 


Aai » 

r 



20 

0 0 
30 



Fig 5 5 The \ariation of redshift with mean crystallite size (Le) as a 
function of size dispersion parameter (a) 


where 4 and x are two constant parameters describing the vibrational confinentent m a 
imnocrvstal and they are weakly dependent on the size dispersion <7 We obtained the 
values of these parameters for spherical crvstalhtes by fitting the simulated ones as 
vd“lS4-10-^'o^“ and i-l 59-1 08xl0"V ” 


5 322 Analysis of Porous Silicon. 

The above model was applied to a variety of PS samples produced under 
different processing conditions (See Chapter n and IIIl It ls a usual practice of attnbutirig 
low frequency tail m Raman profiles from naaocrystalline samples to amorphous Si, As 
we have seen above that such a tail m Raman spectra will also arise from a CSD present 
in the samples In 5 6, we show a typwal experimental Raman spectrum of a PS 
sample showing significant contnbution from the low wavenumber region 4S0cjn'', In 
Rg. 5 6(a) we show the dm* elraig with fitted data uafrig Iiq (4 ) and a 
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Fig 5 6 Measured Racmui speotnuE {open circles) on a porous siFcon 
sample (NI25) along vwih fitted data {solid line) la) In the fit 
{model- 1) an amoiphous phase {a-Si), and two nanocrystaUme 
components C, (U = 43 Snro) and Ci {i<)= 4 7nm) are considered 
without any distnbtrtiQji in their sizes In figure (b) a Gaussian 
distribution m ciystaUite sizes having two nanocrystaJlme 
components Cj (io " 16 finm, o = 4 dnm) and [Lg- 2 Jdttm, cr 

*aJ6nm)flrectn«»d<red wtthotHanya S phase (.owdeF* > 


02 


ot ft-S (with a peak posrtioD at 479 6 cm and "WHM of 2 cm aal wo 
components of nanocrystals having I# = 4 7 nni and 43.5 nm (model-l ) Pig 5 6(b) shows 
the fit obtained by considering a bimodat distribution in crystiillite si/es iind Raman, 
mtensitv calculated using Eq. (5 7) (tnodel-2) It is clear tliat an excellent fit to the 
expenmentaJ data is obtained ecen without consideniig an amorphous phase However, as 
e'pected from the analysis shown m Fig 5 4, the mean crysitill'to sire obtained by model- 
2 s lower as conipared to those obtained by modcl-I 

We analyzed all our experimental Raman spectra from various PS layers using 
1 q (5 71 with bimoda! crystallite size diilnbntions Ihe value ol mean ciystallitc si/c and 
iis distribution for each PS layer was determined from the fitting The typical fittings of 
Raman spectra are shown in Fig 5 7 <ind Fig 5 8 for sample deposited itndor tunbicnt and 
whUe light illuminations respectively A good fitting demonstrates, tliat our binxidal sire 
distribution m PS layers describe the Raman profiles from PS *ayerb. 
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533 Applicatwn of Modd to k«inui Dat* pn Other jur-S Stmctara 


Unfortunately, there are very few reports on the measured size distribution alon^ 
with the Rtiman spectroscopy on the same samples for tianocrvstalline Si structmes 
Ehbrecht et al published on excellent set of experimental data on photolummescence and 
resorunt Raman spcctia ot nc-Si films produced bv size-sslecied cluster beam 
dcpositioii^^ Ihey analyzed the size distnbution of these films using time-of-fiight mass 
spectiomcter (lOFMS) A. log-normal size distribution was found for the deposited 
clusters (lug 4 of Ref 30) We digitized (Jteir experimental Raman data and reproduce 
here m Tig 5 9, The data corresponds to sample V and sample VIl (Fig 5 ot Ref 30) 
The nomialked Raman spectra were fitted usmg bq (5 7) and given \alues of Zs and a 
obtained from 'lOFMS with proportionality constant as the only tree parameter An 
excellent agreement between the calculated and experimental Raman spectra validates our 
model for Raman Imcshape analysis 

Furthei, Xia et al” reported first-order micto-Raman data on hydrogenated 


iianocrystallinc Si (hc-SiH) films produced by plasma-enhanced chenucai vapor 
deposition method (PECVD) They also analyzed these samples usmg higb-rcvoluiion 
FEM and XRD The otystallite sizes were determmed using XRD and Raman aiulyscs 
fheir experunental data (corresponding to Fig 3 of Ret 3 1) are shown in Ug 5 It) I or 
ne-Si.H with eryslaUite size Za>5 3 lun they were able to fit with strong phonon 
confinement model, but at larger crystallite sizes However, for 2 2iim<Zo<5 3nitu three 


spectral bands were required to obtain the measured spectra As usual amorphous-iike 
component was subtracted to fit the rest usmg two peaks, one around 505-509 cm^ and 


another around 512-517 cm’* We attempted to understand the same data usmg our 


model, by considering only a crystalline phase having a CSD ,and no amorphous phase 
Our fitting results are shown m Fig 5 10 One can see fiom Fig 5 10 that only one 
crystallme component with CSD desenbes the Raman spectra from four different nc-Si 
samples exceptionaUy well The values of mean crystallite size obtained from our fit are 
also exhibit good agreement with XRD results The Med parameters are listed m Table I 


along with the corresponding XRD and/or TEM results 
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Fig 5.9. Experimental Raman spectra measurcci on nc-Si samples produced 
by size-selected cluster beam deposition (Ref.SO). liie spectra arc 
calculated using Eqn. (.5 7 ) with grven bimodal siie distribution of 
crystallites (Cl and C2) 









5 4 DIStLSSION 

When the cr}staihte s™ becomes of the order of laitiee constmit^ phonon states 
m sermeonductor nanostructures get modified from bulk slitcs I he confinement of 
optical and acoustic vibrations can be desenbed macroscopic ally as a dilTcronce m the 
bulk phonon dispersions and the dielectnc properties of the tianoparticlej. imd surrounding 
media In these systems, the influence of a matrix or surlace contamination on the 
phonon spectra cannot be neglected Thus, m the analysis of observed shifts and 
broadening of the optical phonon lines it is diflicult to distinguish Ixitwcen eftects due to 
the phonon confinement and the modification of the surfiicc states riieiefort, theory of 
optical and acoustic vibiations in isolated nanop.irticlcs with perfectly passivated 
surfaces'’^ cannot be directly applied to the real m-Si systems In general, PS i>r "t-Si 
contains disordered surface layers of a few angstrotn-s^"' In addition, crystallites may be 
surrounded by a disorder matrix or even uiterconncctcd by aniorphous regions of the 
saiiK uviiLriaf depending on the processing history' 

In case of isolated nanocrystals, which tend to become rwilecuics as tlie 
dimensions approach sero, the phonons are strictly confined within the naimcrystal.s and 
so the corresponding phonon wavefiinctions become zero at the ctyslallrtc boundaries, tn 
contrast, the phonons are localized mthe crjstalhtc region for an interconnecting system, 
and the corresponding phonon wavefunctioiLS decay at the cryslalhne/disorder boundaries 
A,s the Ln tends to zero for veiy small nanooryi,idihle.s, tiie former case give nsc to very 
sharp phonon density of states, while in the lattei case, the phonon density ol .states 
become very broad resulting in a-Si like chaiactenstics^" 'Ibe recent RS measurements 
on Si clusters have shown a-Si like Raman profiles^® This may be a reason why Osussian 
phonon localization agrees to most of the experimental data Ihercfbre, it is commonly 
used compared to other localization fiincttons, such as sme and exponential An excellent 
agreement between our calculation and experimental Raman spectra (see e g , Pig 5,fi, 
Fig 5 9 and Fig 5 10, supports that the Gaussian phonon localization function desenbes 
the real nanocrystaUine systems well 

However, few workers®^® have preferred the sine function to the Gaussian 
function for phonon localization m atialyzmg their Raman results We tried alternatively 
to analyze their Raman spectra in the light of CSD usiog the — - locahzaiioti 
functwu. We pbttcd tn Fig, 5 1 1 the data pons* of ti* Rwsan peak siiifi 
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Fig. 5 tl The experimental data points (solid points! of R 
position Versus (me broadening for vanous iianoer 
siructurcs are plotted along witii the calculated 
experinientsl points are fiom Trusso et al’" (soi 
Kjtieitutstji et (Solid 7 nangles) and Reshina and C 
Jiamondsi 


versus FWHVI meas-ured on the tree standing PS layers The data po 
two lines corresponding to o=0 and 0=0 3io, indicating die existence c 
PS layers Therefore the apparent disagreement between the nieasui 
from PS witti the Gaussian phonon localization mode! seems to be due 
in the PS samples 

The above analjsis of different St nanociysialg and PS lay 
importance of taking the CSD into account in interpreting the R. 
nanostructures Neglectjng the effect of CSD on RS from smaller m 
will lead to improper explanation of Raman results from nanocrys 
broadening of the optical band in the Raman spectra of Si lasers 
modification of the phonon density of states due to changes m the ani 
the sp'bands m the near-suefece atomic layers and danglu^ bonds oi 
with hydrogm give a redstaft tn the 



2 cm due o te surfecc stram. In pessivalcd nann ry^tals hyd mnees dt 

giiain al he sirrfecc by dcstAjymp tlie ut iavy ab4c crunle slramcd S S Ix ncL This may 
niiso ^vts nse tt? it sh^ht dect^ast m the of &hc Rftmitn me liowcvc sec induced 

phonon confinement may not be strpngly observed due to several hictors 

a) The wide size distribution of the nanoparticle.s. which can result m a preferable 
excitation of the nanocrystalhteb with maximum size increasing the average 
size of the nanocrystalhtes. which art probed in the Ranun experiments 

b) The inhomogeneous broadening of the Raman Imt, which is caused b> the 
higher order confined inodes with the frequencioi. lower than the pnmar)' 
confiiied Rjanian line'*^aTid by the splitting between I O and ) t) phonons ’’ 

c) The strain affect the Raman peai, position aisti'' It may be pointed out thit the 
compressive strain shifts the line position in the iipposiic ditcction to that 
induced by confinement 

An increase of the traction of the surface to uiterwr atoms tn smaller 
nanopartioles, may lead to modification ol the phonon density of states 1 hart fore, the 
contributions of the surface vibrations may also alfeot the Rnnian spectrum as well 

5 5 SUMMARY AND CONCLUSIONS: 

We developti^riodified Raman intensity expression moorporaluig the crystallite 
size distribution A Gaussian distnbufioti in crystallite sizes is explicitly included to 
calculate the Raman spectra of silicon nanostructures Implications of the size 
disinbution on Raman shifts, broadening and hncshu|)es are demonstrated through 
theoretical simulations ol RS profiles using the mean crystallite kbjt {La) and its standard 
dexiation (<^ From the simulated Raman profiles, an enspirica! relationship is estabhshed 
between the Raman redshifl due to phonon confinement and orystalhtc size distribution 
parimeters. Lij and cr The presence of large size dispersion m an ensemble of 
nanocrv^tallites will give rise to amorphous-ldce low-frequency tails in the Raman Ime 
pro tiles ‘Assigning such low-tfequency tail m Raman line shapes to n-Si during 
deconvolution of experimental Raman spectra couid be misleading 

TJie phonon confinement model was validated on those publi^d Raman data on 
PS where a direct measurement of CSD was available Further, we also reported the 
ipphtalion of our anatySB on Raman data of nc-S by other tten 

K>ri a MTTi 



and standard d -vnilion <t of he n can be extracted from the ed Ramar 

sptjc ra d.slribotton .s fbimd to espkm our e’spenmeni.ii resttus on Pi 

adequately, however, other distributions such as log-normal may also be employet 
without any loss oi generality in our approach. The effect of (rvanation on Raman profile 
IS found to be moie pronounced for smaller nanocrystalhtes (<5nmj than larger ones The 
standard descnption^*'^^ of Ranwii profiles of microcrystaMe materials is appropriate foi 
larger microctystalhtes pi Onin) and/or narrower size distribution ( o- <1 0°^ of t„ ) 
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CHAPTER VI 
Photolrnmnesceiice 


6 1 Introduction 


Viable photoluminiKiCcnce (PL) at room temperature from electrooheraically 
etched poroui sjIkoh (PS) lias been a strong motivating factor to ttudv nanocrj staiTme 
silicon (nc-Si) for their possible applications m optoelectronic integration'^ PS has 
attracted special attention due to its easy processmg Ho-wever, several techniques have 
been invented to produce nc-Si films. Some of the techniques arc plasma-assisted 
chemical vapor deposition', size-selected cluster beam deposition'' sputtering^ laser 
ablation*, and ion implantation mto matnces’ PL has also become a standard 
chatactenzatton tool to demonstrate the nanocrvslalhne nature of these samples 
Kotvevcr, a clear understanding of PL mechanism is requaed to obtain any quantitative 
information on nc-Si structures using pl**'"'"''^’'^ " 

Viinoub models liave been proposed to understand the origin of room 
temperature PL from nc-Si structures It is generally accepted that the quantum 
confinement elfect (QCE)* in the nanociystalLtes opens up the band gap as well as 
leiaxcs the selection rules foi radiative transitions giving rise to above band gap PL m the 


visible region for crystallite sizes below -^5 nm'^ However QCE alone cannot e^qilEiin the 
role of various surface treatments and surrounding media”'*’''* The paiticipation of the 
locahzed surface states"’''”' or defects m the oxide"' has been suggested to influence PL 
peak energy and hne-shape. These locahzed states, mduced by the atomic disorder 
(structural oj compositional) exrst at the surface of nanocrystallites and are energetically 
placed withm the band gap” The actual energy position of the surfece states depends on 
the extent of surface distortion Recent calculations"' have shown that the surface states 
mdeed exist m the form ot self-trapped excitons that are stabilized in smaller crystallites 


due to bandgap wideiimg These tight-binding calculations give the surface lattice 
relaxation energy of 86meV for a 1 67nm crystalhte having surface atoms passivated with 


hydrogen However the localization energy can he as large as 0 52 eV for the 1 67 nm 
wto ciectroi^l^ife pmn are Waamng S dnngtag bonds 



of a 'turfacL dimcr^ rleralnigly hep of even a npU. hy Rcn t on is shown 

o olaltj dislort the small si icon clusters^ furlicr dmic f miod he S S1O2 
in erfaoe provide sironger kjcahzanon ihan ^he hTdro^crei— ni u a.c Ti!. c, ^he 
surface distortion and disorder induced ssurface slates nre inirnisii to nanocn stalhtes 
Smee surface to volume ratio increases as the crystallite si/c docrcass^ ths influence of 
surface states on the PL from sniailer crystallites svill be liighh inliimccd 

Thus the room temperature PL signal is gs.ncraled through more than one 
recombination mechanism and suifiice states pl.i> a crucial role The PI peak energy and 
toe-shape of PL from ni,-Si wiH depend on the processing tccbmcpic sample histoiy and 
the surrounding media oi the nanocry stallifes A successful model to iiddress the PL 
toeshape should consider the above points in a natural 'vaj, 'scccml attempts 
have been made to give an analytical PL cspreasion tnvoKinv mean iryslnlliie si/e, /j 
and its dispersion, cr However, effccfs of surface states have nut Isetn csplicith included 
tn PL modeling The proposed PL intensity expression is eitkr fitted to the evpermitntal 
PL data to estimate Lo and a or PL profiles are simulatetl usuiu ,«ime emptrioal values of 
Lo and cr winch are often unsupported by the experimental data 

In this Chapter, we develop an anaiylicj! expressKm to oompiste tfie PL 
combining the QCE, surface states and exciton bitxJjtig energies Specifically, wc 
consider (a) band gap widening due to QCU lb) the OHUliaior strength, (d exciton 
binding energy' and (_d) localized surface states These factors depend on both the 
crystallite sizes and thea dispersion Purther, the surrounding niedium also afleets the 
surface stales This phenomenological model is able to predict PI peak position and line 
shape with respect to the mean crystallite sae and its dispersion. One can also iinden,tand 
the effects of the surrounding media of the crystallites on PL using our model 

Fust, we develop a model for PL to obtain analytical cxpressKmi, for PL intensity 
as a function of energy for normal as well as log-normal size diMrikitions of ciyatatlitcs 
Then, computer-simulated results are shown to highlight the effects nfU trand osctllalor 
strength on the PL spectral profile We analyze published PL dau using om model on 
those Rc-Si samples where the measmed ciystaliite size distnbutfoB (CSD) is reported 
The results of simultaneous imero-Raman and micro-PL raeawements from the 

sampling spots on our PS kyer are analyzed The of our model and the mfc of 
sirfecc stales arc 
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6 2 Mode] og of Phoiolumiacscence Profit 

onder ro formoiaic und descnte the PL spectra torn nc-Si structures, we 
constdei nt-Si (or PS) as an ensemble of nanometer sjzed sphenca? particles having a 
well-defined si^e distnbution The optical handgap widening m crystallites is due to QCE 
in nanopdt ticks The niafitutude of band gap widening is determined using the aiialj-tioal 
expression lor band gap obtained ±rom tight bixtdtng method''^ rather than effective mass 
theory On excitation with lugh energy photons, photocamers are generated inside 
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Fig 6 1 Schematic of possible exertome recombnidtion pa±s (a) Excitation ground 
states (valence tod) to excited states (conduction band) (b) de-excitation 
Conouetton to valence band recombinalton, (c) relaxation excited states to 
localized suriacc stales (LSS), and (d) recombtnation LSS to delo caked ground 
states 


the crystallites and then a fraction of these relax nonradiatwely to the surface states 
Subsequently, the relaxed earners recombine to ground states radmtisely gmng PL (Fig 
61) Since the oscillator strength for direct transition between the conduction and valence 
bands is much stnalkr than that via surlace states^^ we neglect the contrtetiou due to 
direct tramttions. The oscillator strength ui crystallites is assumed to depend on the 
crystallite size as inverse power law. 

Under the above assumptxnis. the intetistty of PL at particmar photon energy 
becomes proportional to the population of occupied surfece states and to the oscillator 
Thr ofmrfecesUlrsmaayatalEte wiD be to the on 

e^ If B the otal rtiBiibci f 
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Further, the nutnher of photoexcited tamers, W , in ctsstvsiiut. i*. propfnnonai to iti 
vohime, V 

Ihe pliotoexcited earners mside a tmtiOerystal nrUx to the surfuie states and tiier 
recombme radiatively via altemattve paths In steadv state cOHsfjtiun, the population A, of 
photo tamers participating in PL processes will he propoEltonal lu the product of the 
abosetwo That IS 


H, “■ F A 


(0 3) 

For a spherical crystallite with diameter I, F- and f one gets 

A, ccL' ({3 4} 

The rate of radiative transitions depend sj on the issetUator stfcng'h, / The 
oscillator strength m nanooryscalUne materials varies as inverse power law mtt Oitn be 
approximated as/~ 1/L" (ref 28, 31) where power exponent rr depends on the material 
properties as well as the range of crj’stalhte sizes being used '• 1 he ratimtivt transition 
may be zoio-phonon (ZP) or phonon-assisted (PA) depending upon file crystallite via 
The value a may be taken as 6 for ZP (/, <1 ,5 nm) and 3 for PA iransiiton (L>2 0 jim) 
Therefore taking the oscillator strength/mto account, the radmtive iraaiitinn protohility 
in a iianocrystalHte of diameter I becomes 
P(i)ccAf,/ 




(6 5 ) 

Now . the PL intensity from an ensemble ot crystallites hawng size distnhutwn gAL) will 
["ic obtained by summing the contributions fiom ah the crystBlIftes having size L, Hence 
the PL intensity from an ensemble of caystftlhtes. may be given by 

liiymDqAj) (6 6 ) 

The emitted photon energy front a nanocryslaijite will be lower than the hfmd gap cnetgy 
of the crystallite by an amount of locahzatton energy, B, of the surface states and the 
exa on bmding both, m gcaert], are fimeuoas of crystiffite son The anfeed 



piKi on niCTB>' A. m d cryslaC e will then be given as 

h^{L)-E^ ^K{.) EXi)-L,{l) (6 7a) 

where AE is the amount ol band gap tipshift due to QCE m the nano crystallites and Eg is 
the band gap tonespondmg to the bulk ciystalluie malenal 

or AA(i) - E^,{L) - - A* (/:)-£, {i)| f6,7b) 

According to QC& in the nanocrystaUite of diameter L, band gap upshift can be 
modeled as A.L = Ci 1“ ^ where C and n are constants due to QCE, their magnitudes 
strongly depend upon band gap upshift calculation method being emploved One can 
transform Ed (6 6) from L to A£ dependence by a standard procedure^ 

/{A£)= [/(,£)'> (aA - (’//."k 


« |/; '’<p(Ly5[hL - vli:)iL 

If we take a normal distribution ol ctystaUite sizes m nc-Si, then 


(p[L)^ — r^exp 
(X'lifC 


{L~L„y 


(6 8 ) 


(6 9) 


where Lo and crate the mean ciystallite size and standard deviation, respectively for the 
nanocrystaJline eoseiuble, Putting Eq (6 9)inEq (6 8), we obtain PL expression as 
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(6 10 ) 


Hov/ever, it is not nneotrsmon to obtain a log-normal size distribution of particle 
sizes’’ given by 


p(L) = ■ 


{inCD-KAjF 


(6 11 ) 


This can be used m our approach without any loss of generality With a log-normal 
distribution the expression for PL intensity transforms to 


A£ oc - 


fC{j 
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(icvsition JS >j{cxp(cr } while ful width nt halt mmamn is to as 


2 C3tp( iT ^3Th{ot^^ } 

Equatioiii (6 10) and (6 12) give general expressions for PI mtensits profile 
from a ensemble It is dear from the above t^pre^^lrms thut PI profile will strongly 
depend on the OC paiameters C and n Ineretore utmost care tthisi taken m uSiiig the 
correol QC model for band gap upslyfr ettmiation I lie I'sxillator strength t and the 
exciton binding energy its both ore coniplivafed finictions oi the si/e of tidnocrystaililes 
and their surrounding media Hence, the PI, from the lli raiiostriiLturcs is a eompliv 
process as discussed belovv 

6 3 Results 


6 3.1 Simulation 


In order to obtain an insight into the ellbcts til various parameters iutluencing tlie 
PI spectral profile m ru-Si ive computed ttw PI speciw tssuig rckttant numbers in Fq 
(6 10) and (6 12) It is sulBcient to show the resuhs using u Citutfsisti otysEalSrte sire 
distnbutioa 

For a three dimensional conliiieraent, a ii proportionat to rei iprocul of the 
confmenrent vnlume’'^^ which is ~ (for />2 0 nnil 'llRTefore. fni the splwnoi! 


iianociysiaUites, the oscillator strength parameter, a, becomes 3, I'he values of n and C 
depend on the model employed )or the bandgap calculations roUowing carctul 
calculations of Proot et a)'* for c-St, we take n«l 3^ and C’ -4 52? cV j,when /« is in the 
umts of nm) By putting the values of all constants, tq (6 10) b tcadiiv rcduvetl tv 


,(*£)« tMSMl 


-exp 




{bill 


where AS (as given m Eq (6 7b)) which has now become a recumiig teiaSton for AK dtw 
to the size dependencies ofEs andE, AJS = E„ fi.fAf;)} 

We take a constant value of 0 07 eV for , -which la a faaty good average 18106 
for the range of crystallite sizes from "-2 to 5 ran We shall distcuss tins poait later 
Further, we assume that photoexcited earners m the crystaSlitie core thcmaelire fest to the 
surface states via phonons, Emd then the tamers njE^ Tecomlfrat radiatively, A study of 
PL from PS has »hovra phonern awiied rachafive ' ' tor crySUlSW *k« 



grcalCT han about nm^ l"herrfbrc, surtaco locahZBtion eiiergv F 15 taken o tx 
order of phonon energ\ which 13 about 0 OS eV for optical phonons for hy 
passivated surJaccs We take Eg as 1 12 eV for c-Si at room temperature 

The PL spectra were simulated using Eq (6 13) with the typical values of 
a obtained in the light emitting PS and nc-Si samples The calculated PL spectr 
fixed Lu = 3 2 nni and vanabic values of a-from 0 16 nm to 0 54 nm are shown 
62 



Photon Energy (eV) 

Fig, 6 2 PhotDlummescence spectra computed for Si nanocrystafotes ha^g 1 
crystallite si/e distrfoution around mean crystallite diameter, ra 

chfBwent u rr 


I mfl> be QO Exi fw the ptrai fx sKion f \ I spedrxim J K?<; no exaah 
correspond to ihe (iKEUi crystaibie srra Lf U t\ rather .ed h.flecl frt-ffi the AA.n valite ani 
lias an asymmetric tail extending to h^her energies A dowmliift in PI peak energy due 
to ciystallite size distribution is consistent vnth earlier cukubtions* “ As or tncreaseti, 
the PL spectrum broadens as well as shifts totcards bns enussicm energies accompaiucd 
by a decrease m relative PL intensity I his implies that the arocnint <>t ,rc dispersion 
affects both the PL peak energy and width 

Mean crystallite size U bemg the dominant pjr.trtieter governing the QCE. the 
effect of Id on the PL peak energy is strong In 1 ig 6 cakiilated P!. spectra arc shown 
for three different values of In with fixed o 1 10®^ of I It ticpictc the red shift of PL 
peak position with the increasing mean cry-itallite sue for hveJ M/e d'sptersion a 

Interestingly, the PI line shape is sKo filtered sjgnitictmtK by the oscillator 
strength as seen in Fig 6 4 a is a measure of osciiiatoi strength tsec, f 4 and 

appears as an exponent in £ 4(6 10) Tig 6 4 shows the effects o! vuriatioav in the 
phvsicaih reasonable values of a on the PI tnletisuv pmriic's lor iixcd visiucs of 4, ami cr 
Actually the oscillator strength m tianocrystflllites vtuces with the amount of 
confinement’^ and also with surrounding environniem vw the clitmge in diclectnc 
constant’’’’^ Higher the dielectric constant of surrounding envirannien.( lower is tlie 
oscillator strength and vice-versa Therefore PI spectra will blue or red shift tlependmg 
upon the nature of surrounding medium around the crystallites, For exjtmple, PL from a 
PS layer immersed in an electrolyte may be of diflerent color tlian rn iii! because of 
different dielectric constants for the electrolyte and atr \ga!n the cxciton btndtng energy 
Eb m nanocrystalhtes follows changes m the oscillator strength’^ However, whde the 
increase in oscillator strength causes the blue shift itt Pt spectrum, tlte increase in Eh 
lowers the PL energy Therefore the oveiaU effect will depend on tfieir relitlve strenfitte 
In general, oscillator strength changes more drastiuaily th.m Eh and liettcc is a more 
power&l PL controlling factor between the two, 




I )g 6 PhotoJua^inescencc spectra computed for Si nano^stalMes amj 
crystallite sue distnbution with standard deviation dtHen 

crystallite diameters, Lt, 



I ^ nm 
a 0 6'' nm 
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Fig 6 4 Normal!7ed PL spectra coinputc<3 for Si nanocrysraltitcs ha'viog 
crystallite size distribution with average mean crysrallisc diameter. / 
a standard deviation trof 0 65 nm Spectra shown are for titree difle 
a, the parameter related to the oscillator strength. 


6 3 2 Vaiidatmn of FL Model 

We ihaJl no^v present the calculations based on the expressions derived in 
previous section and conipaie the results with the cxpenmentallj reported PL spectra 

1 hough tlic PL speciia on nanocrvstaljlme structures of Si are abundant, there are 
ver> tew reports on esipertmentallj measured size distributions along with PL The 
problem lies in the expcnmental chaiacterization of crvstaUite sizes Advanced 
teclmiques such .is small angle X-ia> scattering (SAXS) or high-resolutton transmission 
electron inseroscopy CHRTEM) are required for direct determination of size distribution 
In thus seotKin, we have selected a lew published results Irora the hterature where reliable 
data on the crystallite sure distnbution is presented along with the FT. on the same 
samples III particulur, vve chose St nanoclusters generated by three diflercnt groups «c-Si 
deposited hy si/c-setecied cluster beam techmque, free standing porous silicon, and iron- 
passivatcd porous silicon saiitplcs produced by conventional electrolytic anodization 
Wherever required, we have digitized and converted the reported PL intensities from 

wavelength dependent to energy dependent 

Ehbrecht et al'* produced nc-Si clusters using size-selected cluster beam 
deposition techmque 1 hey analyzed the size distributions of these films iismg lime-of- 
flight mass spectrometer (TOPMS). A log-normal size distribution was found for the 
deposited clusters, (Fig 4 of Ref 4). PL and Raman spectra on the resulting films were 
presented Wc have analyzed the PL data on sample no 11, III and VI (Fig 6. Ref 41 using 
our model with a log-normal distribution [Eq (6 12)] The results arc shown in Fig f> S 
(next page) Here we fitted proportionality constant, Lo and mas the onh free parameters 
Tabic 6,1 shows the size distribution parameters obtained b; us as well as those reported 
by Ehbrecht et al* An excellent agreement was found with the size distribution 

parameters obtained by the TOFMS results 



( n Ihr Li her hami Bmdcr M aP used SAXS n fnx Hi 
deduce ide CfystSuite Sizes iliey reported a bimodcil size dist 
urjstaUites in the si/e range ot ~2 tc 5 nm and a larger crysialljte e 
nm) A lug-noiaial dibtnbution was icported best fit to the well 
crystallites do not c.ontnbutc to the PL due to quantum coafineirent 
reproduce their experimental PL data on samples having poroytic 
(Ref 37, Fig 5) We fitted tins PL data using Eq (6 12) and once i 
agreement with the size distribution provided by the SAXS (sec Tabl 



Fig, 6,6 Expenmental PL spectra (points) on foe standing poroiB 
different poroaties of 58 and 66% (from Ref 37, Fig S) Sc 
cxp^ttnental data using Ln and eras free parameters 



FarthL n a reccm paper L and Zhang p stnted hr 
hj'Sugrain of he irorvpaassvalcd porous sibcon "amples akinj, la Ih the 
QC. model of the PL tn PS We reproduce thtsr PL duiG i.Ref LS 
cr\stalbte size distribution provided by the diitliors fpomts! is also shi 
Fig 6 7 A normal size distribution is found to describe the estn-rmicnt 
Using these Lo and ex parameters the calculated E^L daU shiws i;ood i 
measured PL data 



spectra (points) on iron passivated porous s 
38) Imet shows the particle size distnbuhon detemunud from 1 
boiid lines are fit to the experimental data using normal size dn 
and eras free parameter 


1 AiLih'SES of Porous SUJcOB 

As sa-n u ChapJ V ptjswvfti oplx^ properties nny be stroogly 
by Ihe spatiol mbomogt-noitieb on the anodized porous silicon In order to avoid any such 
effects, wt. usv(i Ihc Raman mii.ri>-probt to measure the Raman scattering and PL from 
the id/ne sampling spots on our samples In this way, we were able to acouratelv 
determine L„ and cr responsible for photoluminescence using Raman spectroscopy 
(■Chapter V) I he PL model developed abuse in section 6 3 1 was then applied to analyze 
the PL data I ht rncasiired data \vn> fined using the values of Ln and crobtaineJ from 
micro-Roraun data with proportioroility constant as the /mly free parameter m Eq (6 101 

The calculated PI spectra (dotted Imes) are shown in Fig 6 8 and Fig 6 b along 
with nteasurcii data (wdid Imes) tor sample #NI24 and #Nr2S, respeetttely These PS 
layeis were prepared under white light illumination Fig 6 Sfbl corresponds to same spot 
on the sample for which Raman analyys is shown m Fig 5 6 It is clear that the PI 
spectrum caiculatcd using Lo (2 56iim) and o(0 36nra) obtained from our modified 
Raman model (MadcF2 in Mg. 5.6) shows an excellent agreement with the experimentdl 
data Moreover, /.ii (4 69 nin) obtained from Model-I fsce, Fig 5 6) employing a mixture 
of naiiocjystjllmc und umorpbou.'i Si, could not yield the PL spectrum with no value of cr 
(under the physical constraint of I o/3)’'' 

Further, fug 6 b depicts the simulated and experimental PL spectra from PS 
layers fabricated under ambient light wWi no external illumination (sample #NI02 and 
#NI0S, respectively), fhey all exhibit excellent agreement between the theoretical and the 
experimental PL spectra obtained from dilTerent PS samples, A self-consistency in the 
CSD data obtained on tlic .iome spots from a large number of porous sihcon samples 
studied in this work reinforces the validity of our phoiolummescence model as well as the 
Raman aiiulyste 
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Fig 6 8 Exjjerimentai PL spectra from two different PS layers aopdi 
Jlurmnation for 10 mm (a) and 30 min (b) Tlic data m (bl is < 
sample correspondmg to Fig 5 6 Fit is obtauwl by iKmg thi 
determined ftotn iracro-Raman analysis on the same spots 
constant m Eq (6 10) as the only &ee parameter- 
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lenfwijt^ PL spectra from {wo different PS ravers anodt 
for 140 rain (a) and 60 min (bl. Fit is obtained by using tf 
“Icrmined from micro-Raman analysis on the same spots 
Jtant m Eq (6 1 0) as the only free parameter 
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6 3.-1 Eflect of Processing Paramcfcrs on PL from I^orous hihcon 

\ study of microstructure revealed v.sdc tracks, soids and island tfumation m PS 
kjers {Chapter IIlj Therefore, to compare the optical piuptrSics fToin ditlcreiit vniplea it 
IS necessarj to probe the identical mitroslruttiires Pi anil Rdni.m measUK-nieiits tismg 
imcro-probe factiitate the study of individual islanJ.s and cracks It svas found tliat the PI 
spectra firom island and wide channels weie different a<. expected A typical oast, of 
strui-tural dependent PL profiles n shown in fig 6 U;. which ashihiss ihal the PI. 
mtensitv and peak position both varj- with spaiml inlionloge'neities 
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ftg 6 10 E ■ ‘PL profifcs from aJaiidj (A-silrs) and ebtooeh (0 stUa 

hiet PS byer 60 prr^ Fig 4 2 show# the Mlnre of irtw*!* and 


on a 




OTd,v. . -as diso .„aml .ha. PL ;?>eciia varv fc d.acm stands ,oi cterareb) 

on the t)dme PS sample But the differences are compcirativd> small (Fig 6.] ] ) The 
maximum surutions so far obtained are ±^0% for PL intensity and ±0 05 eV for PL peak 
pnsiticits respectisoly 



Fig 6 1 J iMicro-PL spectra mesrsuteJ at different sampling spots fiskmds 2. 3, and 4 m 
Ftg, 4,2) on the i>ame PS layer. 

In order to cornptue the PL spectra from differeiit PS layers we used PL spectra 
from similar regions (mainly islands) on PS layers Fig ^12 shores PL spectra from PS 
layers of different thiCKnes-s as a ftsnetion of anodizatontune (,L) tanging from 10 to 600 
min. The PS layers were anodized under white illmniiiatioii. The PL intensity frist 
increases wtdi 4 and then dcct eases at veiy large L In Fig 6 13 fa) we plotted the PL 
peak intensity along wtth the integrated (total) intensity gainst to Both the mtensities go 
to a raaximtjin and tlien decrease Ute increase m PL intensity with U may be understood 
if we tulrr the PL to be proportxmsJ to he efifccQvc vx>hanc of PS layer uuder 

ixj i«w will be mopoilional o its 





Fig 6 12 Measured mitro-PI 'ijw.tni from vnnuus PS tJjerH (tslamuj pfip.md under 
white light illuminatioa for vurjous h' 10 nan fuJ. jlH rwrs ^bj tif! mm ti 5 '*40 mm 
(d) 420 min feh and OftO mm (fl 

thickness and reciprocal to the porosity For a artDiJt/afion tofjdnton the tbn tness 
and porosity both increase with r„(Clmt«cr III) At higher tluchfiU'i, tflcetivc PS \o!itme 
increases, while the increase m porosity cau^ the elteutive voltmie (o decrease 
Therefore Che intensity variation is governed bv tJtase twn parameter thskst-s-^ and 
porosity, The observed results suggest that the thickness donanalcs the i'l intensity 
initially and then the porosity beewnes ruore important for very long L I fic PL peak 
energy and the peak width, both remain almost uonslant over the 4 ratsg!; studied here 
The variations of these are random with 4 awl arc well within tite error Imbv 
( measurements on different spots) The average values of the peak energy and peak width 
for the whole 4 range are I 85 and 0 35 cV, respectively Howwi, the TL pettk energy 
and position may be expected to vary diffetemly at small 4 over a limited 4 range, For 
example, peak energy decrease initially for 4<60 min, which may be tiuc to strains in 
layers and he peak width slowly for 4>5 xmo. The PS btyw 3 prepared undar 

‘'n'bicn ighl abp cxhihgesJ tlK 1»" b- i* — ■ -< “ 



ed a maiamum a sniaUe values ( 240 mm) and the a 
with wide peak wid h 



Anodization time (mm) 

PL intensitj (peak and integrated) variation with /a for i 
position and linewidth variation with ta Samples are pre 
lluimmiion 
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6 4.1 rocsetnee Modch 

Application of a PI. model requires physical imdcrstanJing et the paranieters 
used for the system under study A quanlftapve apreemem of PI model with the 
experimental PL data depends on the exactne.ss of ascrauc urvsialhtt. si/c and its 
dispersion, exciton binding energy Eh and also on tJie modcK for Kind gap nnd oscillator 
strength calculations 

Let us first discuss the role of Et, lixciton hindmg energy /.* in iwiw crystallites 
IS large compared to that in the bulk crystals Et, tncreasec morKitonicjlH as sne ctystallite 
SEC decreases Wlaie a variation in Ei. beaimes mote pronounced us the irvstulbte si/e 
decreases, it is relatively flat for larger ciystallitea lor large crystallites having dlfuncters 
>4 nm. Eh vanes approximately as inverse of crystalliU diatncter'*’ In contrasn, £* is 
reported to become inversely proportional to the square of cn stalliSc duinwter lor ‘'4nffl 
si?e According to theorebcal calculations”* U vanes from 0 OS to 0 12 cV for the 
crystallite size range of 4 to 2 5 nm Therctorc, a constant value of Ea 07 cS', token 
earlier over the mean crystallite sue ranging from 2 5 lo 4 0 nm. inift«Jocc>. negligible 
error m our PL calculation For Lh<2 . 5 nm, wo took the ,si/e dependent value of Eh 
corresponding to Le troni Ref 43 Therefore, m order to get a better quantitative 
agreement between the model and expenraetital results, sue dependent-e nf E/, should also 
be considered 

The presence of surrotuiding media around crysudhtes flirthet tompheates the 
analysis of observed PL data. Degree of localkation of suitacc states Cnwinfested by t, m 
Eq (.6 7j) depends on the amount of disordcrness m surface atoms of etystallites 
Different sur&ce passivation wiU give nse to variable auMunt of disorder Therefoic, 
localization energy Aj will depend on the type of snrfece passiTOtion. It has been shown 
that the hydrogen and deutenura termination of sur&ce atoms in PIft gives a PL spectrum 
having a shift of about 0 14-0 18 eV in PL peak energy for the same crvaiallitc azes*® 
This shift m PL peak energy may be assigned, to the change m the lot^lLation energy E,. 
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Fig 6 14 Vanous energy paraineters used for computation of PL (Eq ( 
of crystallite diameter, L„ The optical band gap as a function c 
bmdmg calculations of Proot et d (Ref 16)('dashed hue) The e 
as determined by WoDcin et at (Ref 17) for H-passivation (i 
passivation (dotted Ime), The E, (dash-dotted line) is obtai 
between the excitomc energies for H- and O- terminated surface 

Wolkin et al’’ studied the effects of surfece oxidation on a la 
1 samples having different porosity and crystaUite sizes In particula 

^ oxygen-free PS samples showed a continuous variation with porositv i 

when samples were kept under Ar environment The PL spectra i 
[ modified when the samples were exposed to air for 24 h The observed 

> ascribed to surface passivation In order to understand the origin 

S calculated the electromc states in Si nanocrystals (surface terminated 

oxygen) using self-consistent tight-bindmg method In Fig 6 14, we 
presented by WoUan et al (Fig 4 in Ref 17) along with the energy band 
Proot et al'", Wolkin et al have given the excitomc band gap energi 
crystalhte diameter that scales to (he optical bandgap calculated bv ] 
addit on of Ei* Woton et al od the lowest 

i 


n 


oxygen al the surface as a fimctrin of cryatelbtc sizes (show-n u-do cd nicmFi^6 A 
TJxaefo e a d ff between the &cc cjbsIoB bond gap and hi encigv can be stscried 
to the coninhitioiia ansmg from £, The d fiercnce nisi plo cd a. a function of 

particle size diameter m Fig 6 14 {dashed-dot ime) U is v Ic*u ilwt f , itecomes stgnifrcant 
for smaller crystalhte sizes nmj 

In Fig 6 15, we show the expcnmcntal data (pomtsj nt Ret 17 {I jg 1). along 
with the computed data using our model (solid lincsl On t lean E’S samples (Fig b 1 5 (a}l 
the ejtpenmental data was fitted using a Gaussian size dfcfnhution and la and rrwere 
obtained (see Table 6 2) Excellent fit on the whole ningu oi sample'! showa the 
robustness of our model Using ffrcse In oynd <j salues and taking tlic / , et’rrcspiwiding to 
the relevant to (fiom Fig 6 14), we were able to cakulew the !’I sjjtxtrd on idl wimples 
after oxidation with proportionality conatant as the onsy iroe patarneter m f q {fi HI) lig 
6 i5(b) shows the calculated data (sohd iaies) along wjtJi the experimental data A good 
agreement of computed PL data with the cxperimeiii gives siiong supjxirt to our iiHwlcimg 
approach It also demorustiates the iraportancc of £t, espoeudly tor tlw hnwr 
sizes 

Here wc should mention that the above results o{ 'Wo 1km ti ai cannot be 
described by tire any of the previous PL models/ fhe Ime-sbape of PL spectra 
can also depend on the disorderness of air&ce atcuns and the sutnninding nwdui of 
nano crystallites through the oscillator strength^’ ** (i e . a)t and shouM be accommodated 
in PL expression of Trwoga et a ^ and Ratijan et al/*' However, a large PL peak sSnfi: of 
about 1 0 eV cannot be accounted for by the change in oscillator strength alone, 

■Recently, Takeoka et aP^ have shown differences in the PL properties between U 
tenrunated and surface oxidized nc-SL In this case. nc-St samples embedded tn SiOj 
matnecs were prepared using rf co-sp«tiermg method The stoichiometry ol surface 
oxides IS shown to determine the degree of confitwmenl I tee rtsolls can also be 
understood quantitatively using our model Further, it is appmpriaie to point out that 
agreement of our model with the experimental data on 74% poresfty sample (with mean 
crystalhte size of ~i,5 nm) of Binder ct al (Ref 37) becomes poor with a fixed value of 
£i=0 07eV used in Fig 6 6, Taking appropriate size d^ndenl value of Et, and jEj 
provided a good fit to the expenmenUl data 
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Experimenta] PL spectra (points) from PS samples with different porosities 
Ref 17, Fig 1) kept m Ar atmosphere (a) and exposed to air (b; The values of Lo 
nd o-obtamed from the fitting of PL spectra m (a) with appropriate Et (Ref 37) 
(ere used along with the appropriate E, (Fig 7) to fit PL from air exposed PS ( b) 
eeping the proportionality constant as the onlj free parameter (see Table 6 2) 


2 The summary of crjstallite size distnbution deduced from fitting the 
xpenmental PL spectra m Fig 6 15 (a) (the PL spectra are serialized from down 
1 upward m Fig, la of Ref, 17) using nonrul distribution 



Mean size (nm) 

Std Dev (ran) 
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2 7S 

0 33 

7 77 

IV 

231 

0 24 

5 71 

VI 

2 14 

0 t8 

4 18 

vni 

1,86 

012 
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IX 

144 


4 m 



6.4.2 Photokiminefcence from Ponm* Sihcoii 

PS laycra oblaiaeti £rt>ni VMnKherttna^lJ} am S wn en exiiiii 

structural inhomogeneities in tcmis of d^Snhiition. strains jnd 

morphology A variation ot PL profiles on the profiin;.- rogjons of Ps larers indicates 
structural dependency The PS layer obtained lor ^ mm smokfi/nison was I pm thick 
tChapter 111) and gave ■weal PL Ihe PJ mier&tty ins'fettseii with tncrej-sinp effective 
thickness For samples anodized under umhient light oniv. Pi pcNik eikrgy sv<is inifialiy 
bgher and then decrea.%d tvith h (£30 nun) The Rainan as well «> XRD showed that PS 
layers were under compressive strairrs due niamly to tlie PS ladice dil ifion, which resiilfs 
in redsbifts ui Rnraan spectra and XRD p.ittirnis I he tnt{|s.e mistmilch uiduced stimni 
were found to rela.x -with intrca.stng thieknetkS tlte ctsmpiessive s(r«n in PR kiven is 
known to bueshift the PL peak energy Iherefore ilie mltml decrease of peak energv ftom 
its imtial high values mav be due to coniprcsstve strains that evkted at the PS/c-Si 
interface 

An increase ol PL uitensity with u is gcnefaily understwiti m terms of mcreastrig 
thickness ol PS layers However, a decrease of PL mteasit) after « certain value mav be 
surprising (Fig 6 13) since the thickness sttU increases tnonotomealty thtg * At the 
same time the porosity ot PS layer also mcrea-ses inontuoiiically with f.>, t.e , the voturac 
density of PS layer decreases. It is well kncwti that porosity affects the PI, peak energy 
more the porosity, higher is the peak cn«-gy It is explained in temw ol QCF as due to 
reduced mean crystallite size Sicmkrly, we may link the porostty to tte PL imensity here 
as reduced density of PS layer It has been shown in Chapter IH, that the porosity 
increases with fa for both types of PS layer with and without ilhtttnnation during 
.uiodizaiion If p is porosity and is the density of c-Si skeleton in PS layer, the overall 
density of the PS layer becomes As the PL is proportional to the light absorfcmsg 

volume. PL intensity will also be proporttonal to the product of peaetratimi tfepth of 
mcklcTi. li^hi and tbe voLimo densffy Lt 

I oc hcfil cl 


A A 



anodKalJon Lme) fb thick PS laycn where d>A H wever when d A, tbe 

intensity becomes a complex function of ta as both d and p depend on ta As we seen 
Chapter III the variation of d and p with are given as t/ oc t'" and p = p^t" S 
the PL mtensitj becomes 

(6i5) 

The maximum of PL intensity (Eqn fi 15J will occur at 

(i-a) 


m 




(m + m) 


(6 16 ) 


In ambient case, po^54 6%, p/=2 63x10 \ m=0 8 and n=l 39 while Po=61 7“/c 
yjj=l. 16x10'^, ?«=0 75 and n=l 56 for external illuinmation case With these paramelni 
values, the value of fannu becomes about 570 max and 380 mm for cunbient and externa 
lUumnatioii respectively These values seem to be m good agreement with observe! 
values of ramai>240 and 420 nun respectively for with and without light illnmmatioi 
oases The Ingher estimated values for tamm suggest that the PS layer thioknoss (J 
becomes larger than hght penetration depth (d) at oertam value of L If the porositv hu. 
not increased with fa the PL mtensity would have saturated after when d>A 


6 5 Summarj' and Conclusions: 

i) We have developed a phenomenological model to give analytical expression for 
PL liae-shape by unifying the size dependent quantum confinement effects, 
localized surface states and exciton bindmg energies to describe experimental 
PL spectra from Si nanostructures The role of surface states especially for 
low crystallite sizes has been clearly demonstrated and explicitly included in 
the PL model 

111 We have applied the model to those pnbhshed data on Si nanostructures where 
crystalhte size distribution was available from direct measurements The 
model is able to predKi the pubhshed pj daja aiiicon 

produced by a vanoty of 


coDClilsons Hie mean 'rysfallrt siii-s JUiJ rt J pcr-w n. H mcd rn the 
Ranian spo.'tiB ww he o dcs. ibe tJi c m„ fn ndulg PI 71(^,111! 
consisiently iismg otir PL mfciej wuhoui an> fiiuus: paramrtors 

11. ) Our work shows the importance ot locali/ed '.•iirlace ■■'Ute'i m predioting the PL 
data from wc-Si using quantum confineraen! nuniels ILiy pu model is 
useful in understanding the role of surftce piissn jtiim an-l surrouiidmg media 
on the PL processes in irc-Si 

v) The PL peak energy remains constant, wnlun the varinbilitv of 'Mimplmg '.poti, 
with anodization time (Q even forverv long iUiodi/ntion uf U 1 h nithtiiigh the 
porositj increases with f„ In contrast, the PI ailmvitj incre'iscs wuh /, and 
goes to a maximum and then decreases with moroasmp O tor very longer 
anodization The intensity variation with tj is the interplfiv ot thiskneiKS and 
porosity variations with („ 
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CHAPTER Vn 

Sammary, Conclusions And Scope Of Future 
Work 


Ease of formation of electrochemical!} anodized porous silicon (PS) has 
prohferated the fimdsmental studies on quantum size effects m loiv dimensional 
nanocrystalluic Si structures In addition, the possibihty of PS for opto-electmics 
integration has attracted enormous interest However, stabiitv of devices continues to be a 
rnajoi concern towards application!, of porous silicon Microstructure ol PS is fragile and 
the properties depend strongly on tlie PS enviromnent and post-fabrication treatments 
The key to future device applications lies m proper characterization of the PS 
microstructure us well at, undeistandmg the role of micro structure ui mlluenoing the 
electro-optical properties of PS laycars 

In this woik, we have earned out detailed mvestigations on the microstructure of 
porous Silicon layers (PSLj and its influence on the Raman scatteimg (RS) and 
photolunimcscence (PL) properties of the porous sihcon In particular, we fabricated PSL 
wuh a variety of microstructurcs havii^ thickness ranging from to 200 pm, This 
enabled us to study mterestmg microstructural aspects of formation and propeiUes of PS 
using scanning dcaron microscopy, x-rav dififraction, Raman and photolummescenee 
speurosoopies, tor esainplo, symmetry forbidden Raman modes in PSL were observed at 
room temperature depending on the thtekness and microstructure 

A Gaussian distribution in ciystallite sizes was evphcttly mcluded in the standard 
phonon confinement modcLs to calculate the Raman spectra of sihcon nanostructur 
I'unfaer. in order to understand the PL spectra from silicon nanostructures, a 
phenomenological model was developed to include both size as well as surfa 
Our PL model along with CSD obtained from modified Raman analysis on the same spoL , 

was able to explain the experiiDcntal PL data consistentlv 

We also analyzed those published Raman and PL data on w-Si structures iha 
were accompanied by the directly measured crystallite size distnbutions Our Raman an 
PL iroiciiug ‘ watt valjdatod and provided comp malxm 



we ha c hsted detailed conctuwms at the end of each (hoptcr frllowuig majo 
conclu<?ions can be drawn from this study 


• The thickness of PS layers measured from cross-sectionai SEM nucrographs 
increases monotomcallj with increasing anodization tune {Q for a given 
anodization condition The variation of thickness with ta is nonlinear and follows 
power law dependence with an exponent \~0 8 This is a common feature for 
anodization with or without external illumination However, the thickness of PS 
layer prepared under external dlummation is almost twice that without tUumtnaiion 
for the same anodization conditions and The value of power exponent is 
somewhat smaller than in PS samples prepared under laboratory ambient hght 

» The chemical and photochemical etchmg of growing porous sthcon plays an 
important role durmg electrochemical anodization over long durations leading to 
formation, of wide pores and channels surroundmg the PS islands 

• XRD of PS layers demonstrates that PS layers are bastcaUy smgle crystaPme in 
nature retaining the same crystallographic orientation as the substrate St The 
distortion of PS lattice increases with mcreasmg ta and gives nse to polycrystaUine- 
like XRD spectra from very thick PS layer formed for (o>4 h 

» C arclul measurements ot XRD patterns in powder geometry and thorough data 
analysis yield information on the strains due to lattice mismatch at the e-Si/PS 
interface The PS crystalhtes are found to be slightly elongated and can be 
approximated as spherical, certainly not wire-Jike 

• For a size distribution in a nanocrystallme ensemble, the mean crystallite size Lo and 

standard deviation cr of the distribution can be extracted from the measured Raman 
spectra Gaussian distribution is found to explain our experimental results on PS 
adequately The effect of a variation on Raman profile is found to be more 
pronounced for smaUer manocrystalhtes (<5nm) than larger ones The standard 
phonon confinement descnption of Raman profiles of micro crystalline Si is 
appropnalc tbr targei es ( lOijoi and/or wtt snr ion (cr 


n»_nf 



KaTuan spciTtni could ho nuslcading. 

• ITie rcbiialion of Rairtm selection rulea id FS b iir, due o fi, stTnm ud 
crystaUflo SIZE effects gives, rr^e lO the symmetry lorbjdden Raman lines tit 
meaburable intensities even at room temperatures The multiple reflections and 
refi-aUion of mcldeat and scattered beams •withm a thick PS layer further enhance 
tha intensity of normally svmmetiy forbidden Raman Imes 

• Surface states play a crucial role m determining the ?L peak energy and hne-mdth 
A phenomenological model for PL hue-shape analysis by mn&mg the size 
dependent quantum confinenaent effects, localized surface states and exciton 
bmdmg energies can desenbe espenmeafal PL spectra Jfom Si nanostructures 

• The pbololurrunescence model developed m this work can be apphed to other Si 
nanostructures The model was vahdated on nc-Si samples where crystallite size 
distfibutton was available from dncct measurements 

• Measuiementb of micro-PL and micro-Raroan spectra from the same bampltpg spots 
on a variety of PS layers fabricated under different anodization conditions! offered 
itv the possibility to explore these effects accurately The mean crystalbte sizes and 
its dispersions obtained from the Raman spectra were able to describe the 
cotrespondmg PL spectra quite consistently using otir PL model without any fitting 
parameters 

Our studies have demonstrated the role played by disordei due to crystallite size 
dislnbutlcii on the photoluramesceoce and Raman scattering However, to make 
sutceSsJu! devices one also needs to understand the role played by this disorder on the 
electrical transporJ ui porous sihcon We have attempted to understand the effects of 
structural mliomogeneities on the electrical properties and light induced merastabihties 
Tte results are given in appendices. Current transport mechamsms through thick PSl and 
across t-Sv'PS heterajunction were also studied over a wide temperature range from 15 to 
4S0 K 1 Appendix. A) Idctailed studies on well ctoaciertzed PS material and junctions are 
required m tins uortqilex field Moreover, it will be mteiestmg to fiuther test the 
applicability of our PL model and carry out controlled experiments to understand the role 
and suiTOUDitinfi mrda on the PL from nc S e. 
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APPENDICES 


We studied the electron transport properties of porous silicon in planar geometry 
as well as across the c-Si/PS^nietal junctions Different current transport mechanisms are 
predominant m different temperature zones The current transport across the c-Si/PS/Al 
structure was found to be limited by the t-Si/PS heterojimction 

Further, on exposing the samples to inlrared filtered white l^bt, PSLs gaxe an 
enhanced dark conductivity, known as persistent photo current (PPC), whch persisted 
over long time at 300 K after light lUummation was stopped tVe studied PPC in details as 
a function of lUiimination time (/t), intensity (Fl, lUummatiDn temperature (Td and 
temperature (T) We also discovered tliat PSLs exhibited a decrease m its dark 
conductivity, similar to Stabler-Wronski effect in o-Si H. after a prolong iHiinnnation We 
explain these effects in PSLs by constdenng inhomogeneities in porous silicon 
nanostructures 

Appendix-A desenbes the clectromc transport m Porous Silicon Nanostructures 

A detailed stud) of light and thermally induced eSeots in porous silicon layers is 
given in Appendix-B 



Appendix A 

Electronic Transport in Porous Silicon 
Nanostructures 


A 1 INTRODUCTION 

It IS important to understand the mechanisms of earner transport m porous 
silicon iP&j layers and PS'C-Si mterfeces for development of PS-based devices such as 
photodetectors, solar cells, and light emittmg diodes' In general much of research in this 
area is currentij devoted to the optica) characterisation of the material for a better 
understanding of lummescence properties of PS'^ However comparatively less efforts 
have been put to study the current transport properties m PS^ Recently, studies have been 
carried out to understand the contact formation'' as well as conduction m heterojunctions 
mmetalRS/c-Sr " 

In order to uivestigate the current transport mechanisms in PS layers, one has to 
address the problem of complex mjcrostructurc and distribution of crystallite sizes m 
PS'" The inhomogeneous nature of the material may strongly affect the transport of 
carriers in planar configuration As we know the quantum confinement has played a key 
role to explam the lummescence properties of PS, now the question is whether the same 
can be used to explain the transport properties or not The important feature from the 
structural point of view of this material is the presence of mixed phases of randomly 
distributed crystallites vaiymg in sizes from ~I0 A to few pm Therefore quantum 
cotilincment if at al! a possible mechanism m transport of earners m PS will be 
uperaiive only in the small crystallites of the ordei of mn 

An appraisal of the previous research shows different transport mechanisms 
interpreted on the basis of either structure or disorder-induced localization In a 
disordered system caixiers can be thermally activated across mobility edges into the 
extended states giving rise to Arrhenius type temperature dependence m the conductivity, 
On the other hand, the band gap fluctuations may also cause localization of the electronic 
states because of variations m size and shape of crystallites Therefore if we consider the 
dsorde induced density of slates (E>OS withm the band gap similar to amorpho o 
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aiuctoiB, Mrtl's lopping liaitfiort can be co al w te nperatures. and a 

T~® dependence is followed*’^^ The hopping of carriers between the localized states 
within the Coulomb gap may also be the domraanl transport mechanism in PS layers 
Further, Bcithelot type conduction behavior was also attnbuted because of ftactai 
structure of PS'’^. It is therefore obvious that no clear transport mechanism in PS layers 
has come so far Many of the proposals were based on the measurements ot current 
transport over a limited temperature range In the present worli, we report the results of do 
conductivity measurement of thick PS lajers over a wide temperature range fiom 15K to 
450K Applicability of larious transport mechanisms has been analyzEd 

A.2 EXPERIMENTAL DETAILS 


Aluminum-. 



Fig A 1 Schematic of sample configuration for electrical measurements 


PS samples were prepared tmder ainbient light Immediately after anodization the 
samples were taken out from the cell and cleaned using an ultrasonic cleaner For 
electrical measurements, coplanar rectangular aluminum pads (2x1 nm“) were thermally 
evaporated on fop of the porous la>ers at a pressure of 1 0"^ Torr m glancing geometry at 
an angle of 30® between molecular beam and the sample This precaution prevents 
shorting of contact between evaporated metal and the silicon skeleton ( especially for thick 
PS layers) The schematic of sample configuration for electrical measurements is 


illuslrated m Fig A 1 

The current-voltage (lA) characteristics were measured under vacuum, m planar 
as well as sandwich configurations usmg Keithley-230 voltage source and ICeitiilev-6514 
electrometer. Samples were placed m a cryostat (CTI cryogenics) equipped with optical 
windows and a LakeShore (model DRC.91C) temperamre controUer Above room 
temperature data was taken m a separate vacuum system (--lO-’ Torr) Measurement 
system was automated for I-V rbaMcterifitjcs at fixed tempetatures (± 0 1 K) or current 


VB, 


It givcD heata* and coohog rates, Fbe ohmic uarture of 


ure 


njs established at ci ffere il tempera ures ustog I V ciocnts A. fixei 

the Ohinic region was applied for measurements of conductivity as a fui 
iture Care was taken to avoid any light and tlietmal induced changes 
ictivrti of the samples’^ 


tJLTS AND DISCUSSION 

^ characteristics 



The current-voltage (I- VI 
eristics of PS 



Fig A 3 Increase of linear range m 
characteristics at low temperatures 


current-voltage (I-V) characteristic for a coplanar geometry is shov 
i A 3 for a typical PS sample at two different temperatures, Fig, A 2 she 
but symmetne behavior over a large voltage range (+12 V) In low vo 
rontacts show Imear characteristic as seen in Fig A.3 The voltage rang 
egion increases as we decrease the measurement temperature It is found 
0 K and ±12 V at 95 K. The current transport mechanism is presented o 
IT current-temperature (I-T) data measured at a bias voltage of 1 5 V 
hmic range of I V over the entire 


ntoge 


nd A .he actn^tioji eBcrgj for conduction E, xi found to be - C 
Wrth the results obtamed by Bex^Chorm cf uf Th^ value is comparabl 
enl^rgy in intrinsic c-Sj 



Si sV 


-~j — j — I — 1— .. .t , , , j 

i S’* Z'i <0 32 14 It 

toocri tK 'j 




^ -< — I .- M -- U I I I _ I , I. .1 

0 10 20 30 ;0 io f'i 


tot of current against reciprocal of 
00<T«150, open circles show 
ita! data and solid tine fitted data 


PigA.s Variation of exarent 
reciprocal of T for 15 <T<300 K < 
Circles shows experiraental data 
solid line fitted data 


* f*- f data fficaiured from 300 K down to 15 K are plotted against the recip: 
^A5 Tliree distinct regions having different slopes can be seen. Region 
ast varying current with temperature fox T >170 K The value ofKn is foui 
50 meV in thus temperature range Regioii-2 is the weakly temper 
and results in a very small value of Ea t~SnieVl for 40 - 120 K In Regi 
he current becomes almo.st independent of T and lemains constant down t 
isuremenl temperature (1 5 K) These values ofB^ are very low compared b 
imed from high temperature I-T data, Such a continuous lowering of ha 
ooling indicates that the tunneling of earners may be a donunant fon 
iduction at lower temperatures 

ordered system, the carrier conduction at lew temperatures rnay be assiste 
age hopping (VjRIf) given as’ 

tr^n f 

j a constant for the matecraL The value of ra rs dependeni ol gram ^izcs m 
™ jnforroatKin on the vpe of conducti 




T ^ ' rk ““j 


Fig A 6 V^ariation of dark current with 
temperature as a function of T ” ° along 
with the fitting shown by solid line 
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rm 

Fig A 7 Plot of temperature 
dependence of dark current showing 
Beithelot type behavior 


mechamsm In a bulk material, m= V4 is attnbuted to Mott's VRH conduction where 
electron-electron fe-e) mteractions are neglected On the ocher hand for Elios- Shklovskii 
(£S) hopping mechanism includmg long-range e-e mteractions 1/2 is expected'' 
Therefore the below temperature I-T data is replotted in. Ftg A 6 and fitted lo Mott's 
hoppmg model {In fm) x where Tu ts related to the DOS at the Ferira energv 

{Nf) by ejqpression Ty ^Pyc^,'{ke where a is the decay constant of localized wave 
function and PtA is a constant The variations in the value of fiu are discussed by 
Rosenbaum et al'^ The value of Tw is found to he ~2>'10^ K m the temperature lange 
300-1 70K giving A>~ 8xl0'^ eV'' cm'^ (for yffjr* 16 and a~^ ==10 k) This value of is 
comparable with the reported values in the literature as well as those observed in 
unpassivated amorphous Si On the other hand, the value of TV becomes equal to 9 K in 
the temperature range of 120K to 50K, winch estimates a high value of Nf~\ O^’eV'cm'^ 
Such a high value of Ai is unrealistic and demands an alternative current transport 
mechamsm m our PS sample 

A fittmg of the same below temperature data to the Berthelot type conductivity 
expression. /=/o oTepfT'Ts), is demonstrated m Fig.A.7. Here 7i is the Berthelot 
temperature In the temperature range 50 - 125 K, the value of Tb ts found to be 540 K, 
which is relatively higher than the reported values of Ts ~ 20-100 However Ts (“90 
K) m high temperature range of 180 - 290 K. lies ui the above said rai^e of Ts We will 
discuss the physical significance associated with Ts ” later. We have seen that, the higher 
t mr range results are fitted equally well both to the Mott s hopping mode and 



lo typi. currcnl u-nducUon, thcrebj rasaking m an arabiguous traiwport 

ni.™ On (he oths hand none of theoe wo models can crplam the lower 
■aturo resnJls n order to diffirenlialc between the Mott s and Bcrthebt lyjic of 
tions and also to get some hmt about the possible transport inechamsm below 150 
followed the technique described b\ Hill’®, and later expanded b> Zabrod^ki and 
va'"' In general the / vs T inay be given as 

/=4exp[-f7ilr)'"] f^2j 

the exponent w is a constant 

?fj=l for Arrhenius type of conductivity 
-1 for Berthelot type of couducPvitv, and 
/w=l/4 lor Mott’s hoppmg conducltvity 

portent m can be obtained from the slope of/« [t/{Jn(I)} / d[In(T) }] vs !n(7) plot 
in m Fig A 8, which reveals three different values of m In particular, m = 0 55 for 
r<120 K, w = 0 26 for 140 K<r<180 K and m = -0 86 for 180 K< r<290 K axe 
d The later two slopes of iti indicate the Mott’s hoppmg and Berthelot tvpe 
ton, respectively The first value otw suggests existence ofEfros-ShlcIovskii (FS) 

I within the Coulomb gap near the Fermi energy The long range Coulomb 
ion between the localized state electrons causes the DOS to tend to zero m the 



8 Plotoflii(d[ln(I)]/d[ln(T)]jvs Fig A 9 The logarithmic current plotted 
, sohd circles are eiqierimental against temperature as a function of T^”^ 

id sohd lines are theoretical fit 




vicmitv of I'ermi energy whi h result* m a soft cncr^ gap c Coulomb gap 
corresponding to the parabolic DOS The ES hoppmg conduction iis given as 

/=/„eKp[-(rj,; D""’] (A3) 

where the cocftant Tes is related to Coulomb gap energy ( 4 ) and DOS (go) as 

A=-(kJ2)(rEi,Tr)^‘^ (A 4) 

/(2‘’q"j (TesZ) ('V 5) 

Here, * ts the relative dielectnc constant, q the electronic charge and 2V the transition 
temperature between Mott’s and ES hoppmg conduction^®’^’’^" As seen in the Fig A 8, the 

transition £‘ora Mott to ES hoppmg is quite clear and Tr is found to be «150 K 

In Fig A 9, log (i) vs 100/7^'’ is plotted m the temperature range from 40 - 1 10 K 
The value of Tgs ts obtamed from the fitting as ~8 K. yields 4 ~1 5 meV and go ~ lO'''- 
lt}‘® eV' cm'^ (for Sr = 2- 4)'^ It mav be noted that the DOS thus obtained is lower than 
that obtamed from Mott's hoppmg conduction at higher temperatures Theoretically the 
DOS from ES conduction is expected to be lower than that from Mott's conduction due to 
the Coulomb mteraction, which should reduce the DOS near the Fema level 

The parameters like localizatian length (a and the hopping distance (Ugop) 
extracted from various models applied to fit our experimental I-T data need further 
discussion In Mott's case. Reod = 0 4(Tv/T)''^/ a. we find Rhap « 37 A at T = 300 K and 
~ 44 A at 150 K for the value of Tju = 2.1x10® and = 10 A Smee the hoppmg length 
mcreases as the temperature decreases, this reveals that the effective diameter of silicon 
column d/R is also reduced (d is the distance between the pores)^^ Using the relation 
Rfr)/d = 1 the mean diameter of the silicon quantum wires comes out to be ^ 40 A This 
value IS consistent with the value obtamed from SEM In ES’s hopping case Rgej, w 
[0 25 (T£s /Tj'' V a] and O' » (7>j h SrSb Y Pes where j3es = 0.83, is a constant 
Dependmg on the choice of &, takes on the value of~l0S0A(foi and5300A 

(for Sr ~2)^^ at lOOK These values of Rgop are higher than those obtamed from Mott's 
S mi ler higher vahi^ are fonnd ftrr tbc am length a pjoi 3 7 }iin (fb 6^ 



effective mass 0 1 m.) and a 0 9 nm (fb 7i 540 K) m otn system. The 
former value of barrier width is of the same order of crystallite sizes but the later one 
steins to be unrealistic 

A.4 CONCLUSION 

We have studied the temperature dependent electrical conductivity over a wide range 
of temperature (15 - 450 K) No single transport mechanism seems to be operating over 
the whole temperature range Rather, different mechamsms are predominant in different 
temperature zones m the form of explconst <T ‘“I The Berthelot type conduction 
behavior was mterpreted for the value of m « -0.86 m the high temperature zone (180- 
290 K) Estimation of reasonable value of barrier width [a) also emphasizes the 
applicability of Berthelot type behavior m that temperature range The possibility of this 
behavior can be thought of as a phy sical consequence of the tunneling of carriers betw een 
thermally vibratmg sites placed on the surfece of On the other hand, the I-T data 
of the lowest temperature zone (<120 K), fits well foi the value of m » 0 55 It indicates 
the carrier conduction m the defect states near tJie Feixoi level by variable range hopping 
within the coulomb gap i e Efros-Shklovskii hoppmg In addition the center zone of the 
temperature (140 -180 K) mdicates Mott's variable range hoppmg. A cross over from ES 
hopping to Motfs hopping can be seen at Tr « 150 K. The values of the hopping distance 
(Ri,op) are found to he different for ES and Mott's hoppmg transport Similarly , the value 
of localization length estimated fromES model is also large The reason of these 
discrepancies can be attributed to the inhomogeneous nature of PS as the v alue of relative 
dielectric constant varies in such a svstem Similar discrepancies ui the value of cf and 
Ri^p are also reported by several researcheis^*'^**'^^ On the other band Tes predicts 
reasonable \ alues for the coulomb gap and density of states in our system. Therefore, it 
would not be unreasonable to state that £S hopping is a possible process that can lead to a 
parabolic DOS around Ef at low temperatures 
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APPFNDIX B 


Light And Thermally Induced Effects In Porous 
Silicon Layers 


B 1 INTRODUCTION 

The porous wkcoti optoelectronic devices show mstabihties Therefore, it is 
important to understiind the underljmg rnechamsms of operation of these devices 
However, only few attempts have been made to study the transport properties m PSL [1- 
5] In particular, presence of disorder [6] in PSh warrants a carefeil analysis of light and 
thennalSy induced inetaslabihties Interestingly, persistent photoconductivitv (PPCJ has 
been reported [7,8] in porous sihcoc samples also PPC is a light induced inetastabihty. 
which manifests itself as an enhanced dark conductivity of PSL after a brief eNposure to 
Visible light, and may persist at low temperature for several hours In this paper, we 
present results on light induced changes in dark conductivities of PSL at different 
exposure times (tej For a given intensity of hght, dark conductivity increases for shorter 
t, but decreases for a longer L We also report here the increase in dark conductivity of 
PSL upon fest cooluig from higher temperatures This may be called as the persistent 
quenched conductivity (PQCI 

B 2 EXPERIMENTAL DETAILS 

Thick PS layers ( -70 pm) were etched in 1% HF, rinsed m deionized water and 
jramediately provided with vacuum evaporated coplanar aluminum contacts on lop which 
were ~ 2 mm diameter dots separated by 1 mm gap These contacts were then vacuum 
annealed at 250® C for -2 hr The contacts were found to be nearly Ohmic for smaller 
bias (<3V) The results reported here are for 2V bias applied between the contacts Our 
very thick porous silicon layers and small distance between electrodes ensiured that the 
electric transport is through bulk porous sihcon by miniraizmg the effects of metal 
contacts [5] and substrate [’0] The eiOBtenc-e of betemiunction bamur between PSL and 
1 also Imcls the flow them 
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Fig B 1 Effect of 5min and ~6hi successive exposuie to light on the conductivity 
of porous silicon A is the suuiealed state, B the PPC and C the SWE 
states 


Figure B 1 shows the change in current on light exposures for a short (5 mm) as 
wen as long (~6 h) duration measured at room tengierature Here state A represents the 
current m the annealed state (annealed at 170° C for ! h) Upon sinning heat filtered and 
UV cut white light fiom a SOW tungsten halogen lamp (distance sa 7 cm.) a gam m 
photocurrent (~2 orders of magnitudes) is observed For a short exposure time, tj “ 5 iron, 
the photocurrent keeps mcreasing, After switohit^ off the light exposure, the dark current 
reaches to a value (B), which is above the annealed state (A). This phenomenon is 
persistam phctocurrmit. However if r- is increased beyond a certain thne the nse in dark 


(o n of PPC) stops For a very long 


m dark 


o of "6 h. a 



cunwil b nulccd obscrvwj as Sown »i F% U (stal C n gencrul. w; abo nobw thal 
wijrae ET a PPC IS oiSLTvcd unaooipho risalsosct-jj during Dummation. 
I urtbcT, a fkl. m dark curnaii below its aiincakd slate vakK is aoeoirtpanted by a decrease 
in photocunent duimg long exposures The decrease m dark current after exposure to 
light IS a well known Slacbler-Wronski effect (SWE) [12] 



Fig B 2 Change of current due to successive exposure to light for 30s, 2 nun and 
3 5 nun Inset shows annealing behaviour of porous sihcon which was 
kept in dark at room temperature for 12 hr after attaining PPC (state Dj 


Figure B 2 shows the monotonjcally uicreasmg PPC for another porous sdteon 
sample upon successive difierent short eiqiosure tunes with no apparent decrease m dark 
conductivity This sample was then allowed to relax under dark m vacuum chamber for 
more than 12 h After relaxation, the dark conductivity was found to be lower (slate E, 
fig. 2 inset) than that before light exposure Original state (Aj was obtained onh after 
high terrperature annealing ftreset, fig B 2) These results support the sunultaneous 
of PPC Etnd SWE under Eght ciptsure During short n penod PPC 



effec e h gbcr Lhan 'W'E huwmg an n dark on uc mty 

•V, hmg ofT tl*; heht rulaxalion m PPC cffcc fiii ct leaving the 
soaked BWfe State which eouki be levereed on amiBalmg PPC as a fiinot ( 



Fig B.3 PPC as a fiinction of due exposure time (W differs 
intensities (points) exhibits pcfter law behaviour (dashed hi 


illummation intensity (F) is shovvn m FigB3, which reveals that for a 
increases with to, as power (aw 

P^Ccerf, (Bl) 

where (3 ts constant parametei, but slowly increases with F Howeve 
integrated number of photons constant docs not yield the same PPC, In Fi| 
versus the product of intensity (F) and the exposure lime (taj for diflerent 
plotted Clearly, an exposure of smaller mtensitj for a longer tune resulted ir 
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Fig B 4 PPC for different F is plotted against the product of F < 


PPC than exposure for shorter time at lugher uitensnv keeping the s, 
photons (Fig B 4) This is opposite to the SWE in hydrogenated amorp 
Si H), where a higher intensity gives a larger SWE [13] This may he bee 
that here we have PPC and SWE both operating simuhaneouslv The PPC 
the dark conductivity while SWE decreases it For shorter tm the u 
conductivity by the PPC effect is larger than the decrease in dark cone 
SWE For a longer fe,, the decrease in conductivity donunates becauae 
appears to be saturated more rapidly than the SWE 

On the other hand, for a given value of tp;, PPC also increases w 
(Fig B 5) and may be approximated as power law 

PPCocF”- (B21 

where y is constant parameter and depends on tp; From Eqs B 1 and B '1 
be-wnttm fo- bo*b t„ and F dependence as 

?F DC (B3) 
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Fig B 6 Vaiiation of p with T for fixed 

In order to check, if PPC is caused by trapping of earners in PSL saa^le in PPC 
state (B) was exposed to c-Si filtered infrared hglir from a 350W tungsten halogen lamp 
fat distance of 40 cm) Annealed state fA) goes to the PPC state (B) upon exposure to 
white light When state (B) is exposed to infrared (IR) hght no quenching of PPC was 
observed (Fig B 7) State A could be regained only after either annealing at temperature 
greater than 150° C or keeping the sample m dark for several hours These results remind 
the characteristics observed in a-Si H [14] Persistent photocurrent was also measured at 
room temperature after exposing the porous sihcon sample to light for IS nun at different 
temperatures The results are given in Fig B 8 The photocurrent is also shown for 
comparison. PPC is found to mcrease as the exposure temperature {Te^l is raised This 
looks somewhat different than the results obtamed m a-SiH [14] where after an initial 
increase in PPC with PPC sharply decreases bevond a certain Tex Jn contrast, we 
observe that the activation energy of PPC mcreases as Tat rises above ^100°C Jn order to 
understand this difference measurement procedure needs to be carefiillv looked at In our 
case, the sample temperature was raised to the desued T^x and exposed to light for 15 
nun The hght was then switched off and the sample was cooled back to room 
temperature quickly This might have given rise to quenching effects similar to those 
rted m a-S 71 IS 
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Fig B 7 The effect of mfrared light irradiation on PPC state (Bl obtain' 
state fA) upon white light illummation C is the PPC state al 
iJluitunation 

This, in fact, was found to be true An enhancement in conduct 
also observed when PS?L was quenched faster (~ 400° C^miii 1, trot 
greater than 120° C by circulating chilled water though the copper b 
sample in vacuum, and without exposure to hght at aU The incre 
conductivity on thermal quenching was found to be an order of magnituc 
annealed state value The dark conductivity in PQC state relaxed slowly 
state in a non-exponential manner as shown m Fig B.9 Ail the above 
from PS layers have demonstrated the behaviour simifar to a-Sx.H [ 
suggesting the presence of a-Si phases m PS layers. In a-Si:H. rai 
considered due to the hydrogen movement or difiusion from one site to ai 
Si IS a thermally activated process having an activation energy of abor 
equal to the activation energy of hydrogen diffusion in a-Si H fhe PPC 
function of reciprocal of T is shown m Fig B 10 Activation energy {E, 
the slope is 0 16 eV- which is much less than the value of H, (-1 eV) in a 
PPC raPSLsisno the 





Fig B 8 Axrhentus plot of ’•oom teniper<iture PPC ana photo condjclanae with 
tempocaturc at which toe sample is exposeJ to light i,T.yj 
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Fig,B 9. Decay of excess dark curmit afler feet quenching iPQCi as a fonetwn o"tme 



Reccntlj Biswas and Li [16] have shown that hght induced metastable defects 
a-Si are possible bv flipping surface hydrogen from surface plane to back plane T 
energy difference between two hydrogen configurations is between 0 1 8 and 0 7 e 
Interestingly, the value of obtained for PS layers agrees well with energy drffercaice 
two hydrogen configurations 

B 4 SUMMARY AND CONCLUSION 

In summary, wc found persistent photoconductivity ui freshly anodized PSL 
room temperature We believe that because of our sample preparation conditions, tl 
PPC was not caused by an oxide layer as reported by Lee ef a) [7] who found PPC 
room temperature only on samples stored for a long time (several days) For a fixed hg 
intensity, PPC initially increased with increasing te and then saturated, With fiirth 
increase in te, PPC begins to decrease (Fig B 1) and behaves like the SWE [12J 

Furthermore, we also found a thermally induced excess conductivity (f QC) upc 
quenching PSL from a high temperature (>i20“ C) The PPC as well as tlse PQC deci 
stretched )y and the conductivity could not be icslo od o the original 





by tntposmi^ tbe samples to mfrared radBljon results no ixiwr ) noth effects PPC 
and PQCl 'Acre revers b upon amicainiK a einporaturca yea e than 50“ TTicsc 
esubs beer a striking to PPt 14} and PQC [ 5J m a-Stll It. lben.fbn: 

appears platisible tliat tbe presence of a-Si H m PSL might be responsible for the PPC and 
PQC at room icmperatme The hydrogen ddEision model in a-Si could not account for 
our observed PPC in PSLs Rather the hydrogen flip model [16] m a-Si might be 
responsible for room temperature PPC in PSLs Thus PSL may be considered as imxed 
phase system consistmg of silicon nanocrystallrtes sutrounded by mterfacial regions 
having amorphous athcoii tissues This study raises important questions about the 
transport in porous silicon During transport of charge carriers in PSL, amorphous phase 
seems to be playing a dominant role, giving rise to effects such as large 
photoconductivities, PPC’ PQC etc A high density of states at the fermi level (10‘®eV 
‘cinQ obtained by ac conductivity measurements [17] also supports this argument Thus 
wc have preyinted a systematic study on the importance of a-S< H m PSL to understand 
the instabilities of porous silicon based optoelectronic devices 
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